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Field-induced magnetic transitions in the quasi-two-dimensional heavy-fermion antiferromagnets
Ce,Rhing, 4, (n=1 or 2)
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We have measured the field-dependent heat capacity in the tetragonal antiferromagnets; @eRhin
Ce,Rhing, both of which have an enhanced value of the electronic specific heat coeffigient
~400 mJ/mol Ce K aboveT,. For T<Ty, the specific heat data at zero applied magnetic field are consis-
tent with the existence of an anisotropic spin-density wave opening a gap in the Fermi surface forsCeRhin
while CeRhing shows behavior consistent with a simple antiferromagnetic magnon. From these results, the
magnetic structure, in a manner similar to the crystal structure, appears more two dimensional in; @eRhin
in CeRhing where only about 12% of the Fermi surface remains ungapped relative to 92% fRhiGg
When B||c, both compounds behave in a manner expected for heavy-fermion systems &g bani the
electronic heat capacity decrease as field is applied. When the field is applied in the tetragonal basal plane
(B||a), CeRhig and CgRhIng have very similar phase diagrams which contain both first- and second-order
field-induced magnetic transitions.
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[. INTRODUCTION between 2 and 300 K using a standard four-probe measure-
o ) ment and was found to be greater than 100 for all measured
_CeRhIny, 3 (N=1 or 2 crystallize in the quasi-two-  cysials; indicative of high-quality samples. A clear kink was
dimensional(quasi-2D tetragonal structures H60Gay. 3, observed in the resistivity aty=3.8 K for CeRhlg and

and both are moderately heavy-fermion antiferromagnetﬁ.N:2_8 K in CeRhin,. The polycrystalline average of the

(y~400 mJ/mol Ce K for both systems abovEy=3.8 K ! . . I
for n=1 and 2.8 K forn=2). The evolution of the ground high-temperature T>200 K) anisotropic ~susceptibility

states of CeRhipas a function of applied pressure, including 9ives effective magnetic moments very near the expected
a pressure-induced first-order superconducting transition atalue of 2.545/Ce for the full moment 0=5/2 Ce. The

2.1 K, is unlike any previously studied heavy-fermion sys-anisotropy in the magnetization is larger for CeRfiglative
tem and is attributed to the quasi-2D crystal structuiea  to Ce,Rhling with the overall susceptibility being fit by three
similar manner to CeRhin Ty is seen to change only crystal-field doubletd> The specific heat was measured on a
slightly with pressure and abruptly disappear in,ReIng,  small (~10 mg) sample employing a standard thermal re-
though superconductivity has not yet been obsefved. laxation method.

A previous zero-field heat capacity study on CeRlrier The single crystals were typically rods with dimensions
vealed that the anisotropic crystal structure leads to §om 0.1 to 10 mm with the long axis of the rod found to be
quasi-2D electronic and magnetic StrUCtﬁ!M{.e have_ per- along the(100) axis of the tetragonal crystal. The samples
formeql measurements of the heat capacity In applied ma vere found to crystallize in the primitive tetragonal
nhetlc flecljds for dCeEhlgl ?nd CthInEa in an attempt to fur- J#0nCoGay,  5-type structuré&® with lattice parameters od
t t t t t t

er understan e electronic and magnetic properties ¥ 0.4652(1) nm andc—0.7542(1) nm forn—1 and a

these compounds. We find that for magnetic fields applied” B o192
along the tetragonal axis, both systems behave like typical —0-4665(1) nm andc=1.2244(5) nm forn=2."< The

heavy-fermion compoundsas bothTy and y, decrease as Cfystal structure of C@hiny,,3 can be viewed as
field is increased. Very different behavior is seen when thd Celrs)n(RhiIn,) with alternatingn cubic (Celn) and one
field is directed along tha axis asTy is found to increase (RhIn,) layers stacked along the axis. By looking at the
and numerous field-induced transitions, both of first and secerystal structure, we would expect that antiferromagnetic
ond order, are observed. These transitions correspond té\F) correlations will develop in the (Cefp layers in a
magnetic field-induced changes in the magnetic structure. Imanner similar to bulk Cel? The AF (Celn) layers will
agreement with what one might expect, the magnetic propthen be weakly coupled by an interlayer exchange interaction
erties seem less 2D as the crystal structure becomes less 2irough the (Rhlg) layers which leads to a quasi-2D mag-
going from single-layer CeRhinto double layer C&Rhing  netic structure. This has been shown to be true as the mo-
(note that asi—<, one gets the 3D cubic system Cgin ments are AF ordered within the tetragonal basplane but
display a modulation along theaxis which is incommensu-
Il RESULTS rate with the lattice for CeRhia® As n is increased, the
Single crystals of G&RhlIn,,, 3 were grown using a flux crystal structure should become more 3= being the
technique described elsewhé&r&he residual resistivity ratio 3D cubic system Cel) and the effects of the interlayer
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FIG. 1. The zero-field magnetic specific he@, divided by 50
temperaturél vs T? for CeRhln, and CeRhing. The inset displays
the rangeT?<15 K2 corresponding to temperatures beldy .

The lines are fits described in the text.
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coupling should become less important, causing the mag-
netic and electronic structure to be more 3D. Indeed, the
magnetic structure in GRhIng does not display an incom- CethIns H”C 7
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The zero-field data from specific heat measurements are 1.6
shown in Fig. 1. A peak afly is clearly seen for both T (K)
samples, indicating the onset of magnetic order. The entropy
associated with the magnetic transition~+<0.3RIn 2 with FIG. 2. The magnetic specific he@t, divided by temperatur&

the remaining 0.RIn 2 recovered by 20 K for both=1 and  vs T for CeRhlIny (top) and CgRhling (bottom in various applied
2. For T>Ty the data could not be fit by simply using fields applied along the axis.
C/T=y+ B, T?, wherey is the electronic specific heat coef-

ficient andp, is the lattice Debye term. As found previously, T<T, and the lines are fits to E€1) for T< (0.85T\)% We
one needs io use |sostru_ctur_al, norlwmagnetml:darbpﬂ ©  find that the activated term isot necessary to fit the
subtract the lattice contribution 16.” After subtracting the Ce,Rhin, data. Rather, there appears to be a small feature in
lattice contribution, it is still difficult to extract a value of ="\ ¢ capafity cen,tered around.5 K whose origin is
from the data. H(_)wever, by performing a simple en.tmpyunknown. This feature is also observed in transport measure-
balance construction, a value gf~400 mJ/molCeK is ments and is known to persist as a function of presSufe.
found for bothn=1 and 2. summary of the fit parameters, along with data on G&is
For t4emperatures_ belowTy, as found before on given in Table I. These results lead us to the conclusion that
CeRhlny,” the magnetic heat capacity data, where the COrmeg o magnetically ordered state in CeRhtonsists of an an-
qunding La compoynd is used tq subtract the lattice contril—SotrOpiC SDW that opens up a gap on the orde8 & in the
bution, can be fit using the equation Fermi surface, while no such gap is seen inRl@ng, con-
B Dt E KT sistent with its commensurate structure. Note that the values
Col/T=7y0tBuT +Bu(e o™ )T, @ for CeRnhlny are slightly different from a previous report
, , 5. where the lattice contribution from LaRhjrwas not sub-
where v, is the zero-temperature electronic e, T IS yacted from the raw dataFrom the ratio of the electronic

the standard AF magnon term, and the last term is an actionyibytion for temperatures above and belBy, we esti-
vated AF magnon term. The need for an activated term to

describe heat capacity data has been seen before in other Ce
and U compound$!?~*and the term rises from an AF SDW
with a gap in the excitation spectrum due to anisotropy. Thi . : :
is consistent with Fermi surface measurements which show Brameters are defined in the text. Units fgg and y are
gap in the electronic structufeds discussed previously, the mJ/mol Ce K and forgy and By, are m/mol Ce K

CeRhlIy magnetic structure indeed displays an anisotropic ,
SDW v:/%th modulation vectof1/2,1/3,0.297*° which is con- n K v v Bw By Eolke (K)
sistent with this picture. Since there is a well-defined mag- CeRhiny, 1 372 56 400 24.1 706 8.2
netic moment at high temperatures, the magnetically ordered ce,Rhing 2 2.77 370 400 93.2 - -
SDW state is likely influenced by the existence of Fermi Celn, o 10 136 144 15 - B
surface nesting effects. The inset to Fig. 1 shows the data for

TABLE |. Calculated zero-field heat capacity fit parameters for
é:enRhlnz,Hg. Data for Celg are taken from Ref. 16. The various
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T (K) CeRhling for various applied fields applied along tleaxis. Ty

corresponds to the antiferromagnetic ordering temperatureTand
andT, correspond to field-induced transitions as discussed in text
(open symbols are second-order transitions and solid symbols are
fields applied along tha axis. Ty, corresponds to the antiferromag- first-ord_er transition)_s The_dashed Iine§ are ggides tq the eyes. Th_e
netic ordering temperature, ar, and T, correspond to field- _magnetlc structure in reg|ons_l and Il is a s_pm-densﬂy wave that is
induced first- and second-order transitions, respectively. The curvd§COmmensurate with the lattice where region 11 has a larger mag-

are offset by 1 J/mol Ce’for each successive curve netic moment on each Ce atom. Region Il corresponds to a spin-
density wave that is commensurate with the lattice.

FIG. 3. The magnetic specific he@t, divided by temperaturé
vs T for CeRhlny (top) and CgRhing (botton) in various applied

mate that approximately,/y~0.12(12%) of the Fermi sur-

face remains ungapped beloVy, for CeRhin, while for ~ phase diagrams for both CeRhland CgRhing are ex-
Ce,RhIng 92% of the Fermi surface remains ungapped. Théremely similar. Region | corresponds to the standard modu-
results on Celgof Bertonet al.are also shown in Table | for lated spin-density wave that is incommensurate with the lat-
comparison wherey, / y~0.94(94%). Clearly, the electronic  tice as reported previously in CeRBI The nature of the
structure, as evidenced by the raig/y, becomes more 3D first- and second-order transitions going from region | to
in the CgRhIny,, 5 series as is increased® regions Il and Il is not known, and work is underway to

Figure 2 shows the heat capacity in applied magneti¢letermine the magnetic structures in regions Il and Ill. For
fields forB||c for both compounds (CeRhjron the top and  Ce&Rhing, region Il terminates at 70 kOe while for CeRhIn
CeZRhmB on the bottom As the magnetic moments are it extends beyond the highest measured field of 90 kOe. The
known to lie within thea-plane CeRhlg, the magnetic field first-order transition going from region | or region Il to re-
is perpendicu|ar to the magnetic moments in the ordere@ion [l is the same hysteretic field-induced transition ob-
state in this orientation. The applied field is not sufficient toserved in magnetization measurements on CeRihrere an
cause a field-induced magnetic transition in either comincrease in the magnetization 6f0.006us/Ce:’ These re-
pound. Rather, it is found thaty and y, decrease a8 is  Sults clearly show that GRhiIng has some 2D electronic and
increased as is usually observed in heavy fermion systemsmagnetic character.

Figure 3 shows the heat capacity in applied magnetic
fields forB||a. For both samples, the Niggoint (the onset of
antiferromagnetic ordgrand magnetic field-induced transi-
tions of both first and second order are clearly observed. The In summary, we have measured the anisotropic heat ca-
complete phase diagrams for both CeRhémd CgRhilng  pacity in applied magnetic fields in the quasi-2D heavy-
showing the various observed transitions are plotted in Figiermion antiferromagnets CeRRiland CgRhing. The mag-

4. The open symbols correspond to second-order transitionsetic and electronic properties of CeRflgan be well
(Tn, To, and T, for Ce,RhIng) and the solid symbols rep- explained by the formation of an anisotropic SDW, leading
resent the first-order transitionT{ for CeRhir).}” The toa 2D electronic and magnetic structure. The phase diagram
dashed lines are merely guides for the eyes. Remarkably, thef magnetic field-induced magnetic transitions is remarkably

[ll. CONCLUSION
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similar for both systems as both a first- and second-ordelow T is greater than 90%, as is found for the 3D system
transition are observed in both compounds when the magn=«) Celn,. The similarity of the field-induced transitions
netic field is along the tetragonalaxis. From the heat ca- in both CeRhlg and CgRhing clearly shows that there is
pacity measurements, we estimate that2%(~92%) of  still some 2D character to the magnetic properties of
the Fermi surface remains ungapped below the magnetic otg,Rhing. The results here shed light on the unusual mag-

dering temperature for CeRhli{Ce,Rhing). The 2D nature  petjc and electronic structure of CeRpland CeRhlng.

of the electronic properties is a result of the tetragonal crystal

structure of CgRhlny,, 3 which consists ofh cubic (Celn)

blocks which are weakly interacting along tb@xis through

a (Rhin) layer. Not surprisingly, it appears that the case of Work at UNLV was supported by DOE/EPSCoR Contract
n=1 (CeRhlIr) is more anisotropic than the double-layered NO. DE-FG02-00ER45835. Work at LANL was performed

Ce,RhIng where the amount of ungapped Fermi surface belnder the auspices of the U.S. Department of Energy.
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