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Magnetic structure of antiferromagnetic NdRhing
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The magnetic structure of antiferromagnetic NdRHhas been determined using neutron diffraction. It has

a commensurate antiferromagnetic structure with a magnetic wave véﬁéy pelow Ty=11 K. The stag-
gered Nd moment at 1.6 K is 2.5(4} aligned along the axis. This magnetic structure is closely related to
the low-temperature magnetic structure of the cubic parent compound.Ndin
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NdRhIn, crystallizes in the tetragonal HoCogGstructure In order to determine the magnetic propagation vector,
(Space grourp[]_/mmn*),l and be|ongs to a |arge structural pOWder-diffraCtion patterns were collected above and below
family of compounds with the chemical composition the ordering temperature using C-2. The low-temperature
RyMInsms 0, With R= rare earthM = transition metal, and pattern clearly shows additional magnetic reflections which

m=1,2. The tetragonal crystal structures of these com&a@n be indexed using a magnetic structure with the propaga-

pounds may be seen eslayers ofRIn; and a layer oMIn,  tion vectorgy=(303). This corresponds to a magnetic unit
alternately stacked along theaxis. Included in this family ~ cell that doubles the chemical unit cell along the tetraganal
are three newly discovered heavy-Fermion superconducto@ndc axes and contains four magnetic Nd ions.

that have received considerable attenfichFor example, ~ Subsequently, a rectangular platelike sample of dimen-
CeRhin, an antiferromagnet beloWy=3.8 K, undergoes a SIons~3x3x0.7 mn? with the (001) plane the largest sur-

transition to a superconducting state at approximately 162c€ was measured on C-5. The sample was mounted with
kbar withTe=2.1 K.2% Another member, CeColris an am- the [010] direction vertical in order to access reciprocal-

bient pressure superconductor with a record setfing Iatt\i;\:/Z pctJ)ints (()efdtrt]s typéei(tOI). dependent etic Bra
=2.3 K for heavy-Fermion superconductdrsChermody- observ mperature-depen magnetic bragg re-

. oo flections at (n/2,00/2), wherem and n are odd integers,
namic and transport measurements are indicative of uncon-_ ..~ : ) )

. A . .~ —confirming the propagation vector found in powder diffrac-
ventional superconductivity in which there may be line

nodes in the superconducting ghp. tion. A typical elastic rocking scan taken at 1.6 K is shown in

It is widely held that magnetic ground states of heavy-Fig- 1(@. The intensity of the 103) peak is shown in Fig.
Fermion compounds are determined by the balance betweéiP) as the square of the order parameter of the antiferromag-
competing Kondo and Ruderman-Kittel-Kasuya-Yosidanetic transition. The Nel temperature was gletermllnled to be
(RKKY) interactions For f-electron magnetic materials, an- 11.01) K, in good agreement witfi found in specific-heat
isotropy is also known to affect the magnetic sta&here- measuremen_t@. The integrated _intensities of magnetic
fore studies of structurally related non-Kondo magnetic maBragg reflections from such rocking scans were normalized
terials such as NdRhgnmay give insight into the evolution 0 the(400 and(004) nuclear peaks to yield magnetic cross
of magnetic properties in these materiflssor the present Sectionso,,d(d)=1(q)sin(26) in absolute units. The propa-
study, we have performed both powder and single-crystaiation vectoy suggests a model in which Nd moments are
neutron diffraction in order to determine the magnetic strucaligned antiparallel in th¢100] and[001] directions, and
ture of the antiferromagnet NdRhInThe results are com- Pparallel in the 010] direction, resulting in the magnetic cross
pared to those of cubic Ndjnwhich may be considered the sectiort
parent compound in the N Ins,,.» series. Further com- e
parisons are also made with the evolution of magnetic struc- :S_OD 2 2/1 (.2
tures in the Ce-based series. (@ 2 (m3F(a™1=(a-m)), @

Single crystals of NdRhihwere grown from an In flux.

— — 12 H H
The lattice parameters a@=4.630 A andc=7.502 A at where r/2=0.2695¢<10" * cm/us is the scattering length

t tur® Neutron-diffracti : ¢ associated with g, (my) is the staggered moment of the Nd
room temperature. [eutron-citraction experiments werehlon’ andf(q) is the N&* magnetic form factot? The polar-

performed at Chalk River Laboratories using the C-2 High ™~ PR )

Resolution Powder Diffractometer and the C-5 triple axisization factor(1—(q-m)), averaged over possible mag-

spectrometer in a two axis mode. Incident neutrons of wavenetic domains with the assumption of equal occupation of the

length 1.33 A were selected using a Si monochromator fodomains, is

C-2, while 1.53-A neutrons were selected with a Ge mono-

chromator for C-5. In both cases, the sample temperature e N
- (1-(g-m)*)=1

was regulated by a top loading pumped He cryostat.
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Tg 3000 - FIG. 2. Theq dependence of the square of the magnetic form
bs factor, ufi> as given by the quantity,o(q)/[(yro/2)Xm)3(1
2 2000 - —coga)] [refer to Eq.(3)]. Single-crystal data are shown as solid
5 circles, while data from the powder-diffraction experiment are rep-
‘g resented by open diamonds. The value of the staggered Nd moment,
3 1000+ (m)=2.61ug was taken from the best least-squares fit of the data,
= which was achieved using the spin-only Ndform factor. The
solid line is the theoretical spin-only Nd form factor. Analysis
or , , ) ) , , using the orbit-only form factor resulted in a lower staggered mo-
0 2 4 6 8 10 12 14 ment of 2.50(1kg. Since the data have been normalized o

=2.61ug, determined with the spin-only form factor, the dotted
line, which represents the orbit-only form factor, has a lower inter-
FIG. 1. (a) Elastic rocking scan through magnetic Bragg point C€Pt on this scale, reflecting a lower staggered moment. Similarly,
the spintorbit form factor(dashed ling also resulted in a smaller
moment of 2.39(1)kg. All Nd3* form factors were taken from
Ref. 12.

Temperature (K)

(303) at 1.6 K. (b) Intensity of ¢03) reflection as a function of
temperature. The N temperature is 11 K. The solid line is a guide
for the eye.
tively. Note that the data points in Fig. 2 were normalized
wherea is the angle betweeq and thec axis, andg isthe  to (m)=2.61ug, determined with the spin-only form
angle between the magnetic moment anddlais. The best factor. On this scale, the best fits of the orbit-only
least-squares fit to Eqgl) and(2) gives, within one standard and spintorbit form factors intersect the vertical axis,
deviation, 8=0, which corresponds to magnetic momentsat 1qu=0, at lower values. Since by definition,
aligned along the axis, and reduces E@l) to 1f(q=0)1>=1, the dotted and dashed lines in Fig. 2 indicate
that these fits result in lower Nd moments. For instance,
SerDZ 5 5 using the spir-orbit form factor gives a staggered moment
o(@)=v—>- (myZf(q)u*(1-coSa). (3 of 2.39(1)ug and using the orbit-only form factor results in
a staggered moment of 2.50(dg. Unfortunately, our ex-

The best least squares fit of the experimental data Wa[%]eriment cannot determine exactly the orbital contribution to
e magnetic moment. Therefore we take the results of the

. . . RN
achieved using the spin-only Rid form factor. Such a fit . ; ; A : .
results in a staggered Nd moment at 1.6 K @h) fits using the spin-onlysolid line) and spin-orbit (dashed

= . . line) form factors to be the upper and lower bounds to the

_2'61(12)”3 5 Figure 2 S.hOW.S the  quantityo(a)/ staggered moment, respectivglr))/. This yields a staggered mo-

[(yro/2)%(m) (1-coga)], thlch is equal to the square of =8 2.5(1), per Nd.

e ot s o s, o, e compare e magnetc sucure of AFn

The hi .h-tem erature effective mo)r/nent of 366 d‘e_ that of its cu.b|c parent compound Nglrwh;gh orders anti-

duced f 9 P tibility data ab 150 K. is | dferromagnetlcally belowT =6 K and exhibits a complex
uced from suscept “y, ata above » 151N 900 magnetic phase diagram, including two additional antiferro-

agreement with the Hund's rule value of 362, indicating magnetic transitions at 4.61 and 5.13%K®The two inter-

well localized Nd moments'at h'gh temperatu’r%ﬁ)ne thus mediate phases were determined to have incommensurate
expects some orbital contribution to the magnetic moment

tructur with  magneti r tion  vector
The lower staggered moment of 2/64 found here, at 1.6 K, structures agnetic p o'paga © ) eCto8im
: S, =(30.03%) and (30.017%), respectively, while the ground-
reflects the presence of crystalline electric figlGEP 2 2 2/ IE d ]
effects® We performed additional least-squares fits of theState structure was determined to be commensurate with

data using the orbit-only and spimrbit form factorsi? rep-  qu=(303) and staggered Nd moments of approximately
resented by the dotted and dashed lines in Fig. 2, respe@-Oug with [010] the easy magnetization directiéh'’ The
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in axial symmetry commonly has its multiplet split in aniso-
tropic doubletgwith g valueg;.>g, ) favoring the Nd spins

to point along thec axis which is consistent with our results.
Therefore the tetragonal symmetry may produce an im-
proved matching among the existing CEF, magnetocrystal-
line and exchange coupling anisotropies for NdRhIn

We now extend our discussion to the Ce-based series. For
CeRhlin, the nearest-neighbor antiferromagnetic structure of
the parent compound Celns maintained within the Cepn
layers. However, the magnetic moments in CeRHitmm an
incommensurate spiral along thexis®?° Furthermore Ty
is reduced by a factor of 2 for CeRRI(iTy~4 K) compared
to Celry (Ty~ 10 K), which is just the opposite of the situ-

FIG. 3. Schematic representation of the crystallographic andation in NdRhlg and Ndin.
magnetic structure of NdRhnin a chemical unit cell. The com- These contrary behaviors may be understood by noticing
mensurate magnetic structure of Ngllvelow 4.6 K from Ref. 17is  that the magnetic moments in CeRélie in theab pIane,lg
also shown for comparison. The arrows indicate the directions ofyhereas the CEF anisotropy tends to favor energetically the
the Nd moments. Ce spins to point along the axis??* Therefore there might
be in CeRhlg competing anisotropic magnetic interactions
that lead to an incommensurate magnetic state at |Gwer
when compared to CejnAccordingly, field-dependent heat
h(:eapacit)?2 has revealed a ricH-T phase diagram with field-
induced transitions similar to what was observed in NdIn
where competing CEF and exchange interaction anisotropies
were considered.

Alternatively, antiferromagnetic correlations across the in-
tervening Rhlg layers in NdRhlg are in some sense more
reminiscent of CeRhling, in which the magnetic structure
within Celny bilayers are unmodified relative to cubic Cgln
and the correlations across the Rhinlayers are

complexity of the magnetic phase diagram of Ndivas also
verified by various field-induced transitions in tHeT phase
diagram!®!” A model including competing CEF and mag-
netic exchange anisotropies has satisfactorily described t
complex phase diagrams of NgIA’

The magnetic structure of NdRRIns shown together
with that of NdIry below 4.6 K in Fig. 3. In comparison to
NdIng, the moment direction relative to the magnetic wave
vector is rotated by 90° in NdRhn However, the phases
among the magnetic moments are identical in both cases.

For the tetragonal NdRhin the insertion of a Rhinlayer
nearly doubles the Mg temperature of Ndija No evidence antiferromaanetid®
of additional transitions belowW, was observed in our study ar _— . .
as well as in bulk measurements down to £%n addition, In conclusion, we find a commensurate antiferromagnetic
field-dependent heat capacity revealed no evidence for fieldtructure, as represented in Fig. 3, witfy=(703) for
induced transitions up td=9 T applied in theab plane and  NdRhIn;. The staggered Nd moment is determined at 1.6 K
one transition at about 7 T fodic axis*® Therefore, al- to be 2.5(1up aligned along the tetragonal axis. The
though the magnetic structure of NdRblis closely related ~Phases of the nearest-neighbor Nd atoms are the same as in
to the parent compound Ndjnthe relatively simpleH-T ~ the commensurate phase of cubic Ndin

phase diagram of NdRhyrsuggests that the commensurate  \york at Los Alamos was performed under the auspices of

antiferromagnetic structurgy=(303) is more robust and the U.S. Department of Energy. H.N. acknowledges support
stable in the tetragonal variant. In fact, theN@=9/2) ion  from the NSF(grant number DMR-0094241
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