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Anisotropic manifestation of short-range magnetic correlations in CggLag sRhing

V. F. Correa L. Tung! S. M. Hollen? P. G. Pagliusd,N. O. Moreno® J. C. Lashley, J. L. Sarrad,and A. H. Lacerdh
1Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
20Occidental College, Los Angeles, California 90041, USA
(Received 9 February 2004; published 25 May 2004

We report thermal-expansion and magnetostriction results ggl@gRhlins single crystals. This particular
La concentration X.~0.4) corresponds to the critical one at which the long-range magnetic order vanishes
(Ty=0). However, as also observed in specific heat and magnetic susceptibility measurements, a large
“humg is seen in thermal-expansion dtgg~4.5 K. This anomaly, claimed to be related to short-range
correlations, is observed only along tbexis, confirming that anisotropy plays an important role in these 115
compounds. No particular feature is associated with the magnetic correlations in the magnetostriction mea-
surements. The magnetic field dependence of the volume is quadratic in field as expected for a paramagnetic
system, above and beloVg. Finally, the magnetic field dependence of the crystal electric field contribution
to the thermal expansion seems to reinforce the idea that the La doping leadls &2x-rich ground state
doublet.

DOI: 10.1103/PhysRevB.69.174424 PACS nunider75.80:+q, 75.40-s, 71.27+a, 65.40.De

[. INTRODUCTION opens a gap of the ordef 8 K in the Fermi surface, below
Ty -1 Nuclear quadropolar resonafdteand neutron

The physics of heavy fermior(siF’s) is dominated by the diffraction’ experiments indicate that the Ce magnetic mo-
competition between different microscopic mechanisam  ments, antiferromagnetically ordered, lie completely in the
related energy scalgand this results in a wide spectrum of basal plane developing a helicoidal structure along:tagis.
different ground states including unconventional superconSpecific heat measuremetfts® show an abrupt drop of the
ductivity and magnetic ordérThe magnetic propertiege-  Sommefeld coefficienty below Ty confirming the gapping
sulting from the interaction between théocalized magnetic of the Fermi surface.
moments and the free electron spiase determined by the The layered structure suggests an important two-
competition between the long range Ruderman-Kittel-dimensional2D) character supported by the spiral magnetic
Kasuya-Yosida(RKKY) interaction and the short range structure: magnetic order in the planes, weakly coupled be-
Kondo effect, both of which depend on the magnetic ex-tween them. However, transpttand susceptibilit} mea-
change parametel. This gives rise to magnetic order or a surements show very little anisotropy. Inelastic neutron
nonmagnetic Kondo singlet state, respectively. Moreoverscatteringt® as well, indicates that three-dimensional mag-
changing macroscopic variables such as pressure, magnetietic fluctuations are relevant. de Haas van Alphen measure-
field, or doping can lead to significant changes in the microments reveal a multiband Fermi surface that might explain
scopic parametef producing new ground statés. the varying role of the anisotrop¥.

These features are exemplified in the recently discovered The ground state of CeRhjrcan also be tuned by chemi-
CeMIns (M=Co, Rh, Iy family.>~> These compounds crys- cal substitution. Out-of-plane doping in CeRlr,Ins re-
tallize in the tetragonal HoCoGdike structure consisting of veals an interesting coexistence of antiferromagnetism and
alternating layers of magnetic Cgland nonmagnetidin,  susperconductivity in the range 02%<0.601" In-plane
along thec axis. Long-range antiferromagnetism as well asdoping in Cg_,La,Rhins also exhibits interesting features.
hybridization and mass enhancement due to the Kondo effedthe inconmensurate SDW is seen upxts 0.4, whereT
have been observed in the 115 farﬁibp\lso, magnetically goes to zerd® NFL behavior is observed around this critical
mediated superconductivity and non-Fermi-liqgidFL) be-  concentration, perhaps related to the development of an ex-
havior have been reportéd:’ pected quantum critical poidtA “hump” also appears

In particular, CeRhlp shows ambient pressure aroundTgg=4 K in specific heat and magnetic susceptibility
antiferromagnetisth (Ty=3.8 K) and pressure induced measurements that are claimed to be associated with short-
superconductivity® (T,=2.1 K at P=16 kbar). Neutron range magnetic correlatiois®*° as inferred also by NQR
diffraction experimentsreveal a reduced magnetic moment and NMR experiment&
associated with the Ce ions (045 compared to 0.92g In this work, we present thermal-expansion and magneto-
expected for the ground state doublstiggesting an impor- striction results on Gglay ARhing single crystals. As in the
tant Kondo compensation. This is corroborated by specifiother free energy second derivatives techniques, namely, spe-
heat measuremenitshat show only 30% oRIn2 entropy cific heat and magnetic susceptibility, the short-range corre-
released up tdy, as well as by the logarithmic temperature lations are unambiguously detected by thermal expansion. A
dependence of the resistivity,characteristic of Kondo lat- large peakis observed af sg~4.5 K but, interestingly, this
tice compounds. feature shows up only along tleeaxis, confirming that the

The magnetic ordered state consists of an anisotropic spigimensionality plays a relevant role in these 115 compounds.
density wave, that is inconmensurate with the laftfé@nd  As in the pure compound, crystal electric figl@EP effects
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FIG. 1. Linear thermal expansion vs temperature alongcthe T (K)
axis (a.) and perpendicular to itd,;,). Inset: Volume thermal ex- . ) )
pansion and the estimated lattice contributi@y= 245 K). FIG. 2. Low-temperature linear thermal expansion showing the

short-range correlations associated peak. Inset: Electronic specific
heat vs temperature showing also a feature around 4dyidbols.

are important. The magnetic field dependence of the CEF

contribution to the thermal expansion seems to reinforce the

idea of a|+5/2)-rich ground state doublet. On the other pelow 15 K, as reported also by Takeuehial**in CeRhin
hand, magnetostriction measurements do not show any pagng Malinowski et al?2 in Ce,Rhing. This temperature
ticular behavior associated with magnetic correlations. The,arks the onset of the magnetic correlations. Figure 2 shows
field dependence of the volume is quadratic in field as exzq |ow temperature behavior of bath anda,,. A peak is
pected for a paramagnetic system, above and b@&lgw observed iny, at Tsg—4.5 K, but only a ver; tiny “bump”

is seen ine,, associated with this feature. The antiferromag-
Il. RESULTS netic transition vanishes at=0.4.18 Thus, this peak may be

Cey dLag JRhIns single crystals were grown by the self- related to short-range magnetic correlations as was observed
flux technique. For thermal-expansion and magnetostrictiofn specific heat and susceptibility experiments xr 0.5
measurements we use a 28.6x7 mn? high quality single crystals:*®**The inset of Fig. 2 shows the tempera-
sample[as evidenced by the observation of quantum oscillature dependence of the electronic contribution to the specific
tions up to 30 K(Ref. 21]. The thermal-expansion experi- heat C®) for ax=0.4 sample, which is quite similar to that
ments were performed using a capacitance dilatometer.  reported forx=0.5." The subtracted lattice contribution was

Figure 1 displays the linear thermal-expansion coefficieninferred from an estimate of the Debye temperature of the
a=1/L(dL/dT) along thec axis of the crystal and perpen- honmagnetic analog LaRhnThe important conclusion to
dicularly to it (i.e., along theab-basal plang «. and a,,,  Pe drawn from the thermal-expansion data is the anisotropic
respectively. The peak observed at low temperatures.iis ~ Manifestation of the short-range magnetic correlations, being
a magnetic effect while the negative contribution around 25°bserved only along the axis.

K is associated with crystal electric fielEF) effects, as This anisotropic behavior is an indication of the aniso-
reported by Takeuchét all* in the pure CeRhlnand by tropic nature of the interaction between the spins and the
Malinowski et al?? in the related CgRhing. lattice, that is, of the spin-orbit coupling. A full understand-

The volume thermal expansiof=1/N(dV/dT), which  ing of the magnetoelastic tensor would provide a comprehen-
for a tegragonal symmetry can be calculated @sa, Sive explanation of the thermal-expansion results. Although
+2a,p, is shown in the inset of Fig. 1. Also shown in this theoretically this is a very difficult enterprise, from magne-
inset is the Debye curve corresponding #g=245 K,  tostriction experiments we can obta|r_1 inf(_)rma_ltion about the
claimed to be the Debye temperature for the nondopedh@gnetoelastic tensor in some special directions, as well as
CeRhlry as inferred from specific heat measurements in thdurther information regarding the magnetic correlations.
nonmagnetic analog LaRhr# The lattice contribution fits Linear magnetostriction datéfor fields applied in the
quite well the experimental data above 15 K due to a partiaP@sal planeare shown in Fig. 3 for two different tempera-
cancellation of the CEF contributions that is negative alondures: one below and the other slightly abdg, 1.8 and 5

the ¢ axis and positive in the basal plane as shown below. K- The field is applied parallel to the sample dimension be-
ing tested. As inferred from the inset, the field dependence of

AL 4,/L,p is quadratic below and above, as expected for

a paramagnetic systeffi?> This fact strengthens the conclu-
The deviation of the total thermal expansion from the lat-sion that features observed Bty in thermal-expansion and

tice and the CEF calculated contributions becomes strongpecific heat measurements are due to short-range correla-

Ill. DISCUSSION
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tions. If long-range order were presetkl /L would have [ 5
different field dependencies above and belbyg. The tem- 1.0p o
perature dependence Al ., /L, is very small in this low- ®
temperature regioriin any field configuration Moreover,

the field dependence &L /L. (not shown hergincreases
with temperature. This behavior was already reported by Ma-
linowski et al??in the related CgRhiIng, and was ascribed to
the magnetic correlations. The same quadratic behavior is
observed along the axis and in any field direction. How-
ever, the field dependence &t . /L. (with B along the basal
plane is one order of magnitude larger than the result ob-
served in Fig. 4.

These observations offer a natural explanation for the an-
isotropic manifestation of the magnetic correlations observed
in a. Using a 2D anisotropic Ising model, Ligkt al.” sug-
gested that the disorder introduced by La doping cancels out
the interplane magnetic correlations. At-0.5 only short FIG. 3. In-plane linear magnetostriction for fields applied paral-
range in-plane correlations remain, and these become evidegf 1o the dimension that is being tested, at two different tempera-
aroundTgsg. As the Ce magnetic moments lie in the plane,tyres. Inset: magnetostriction as a functionBdf
one can naively expect that the local magnetic field associ-
ated with these moments is mainly directed in the basal
plane. Our magnetostriction results tell us that in this cas
(field in the plang the magnetovolume effects are much
larger in thec axis than in the plane. Similarly, thermal-
expansion measurements in pure CeBHimeveal that the
peak associated withy, is larger ina. than ina,y.

Finally, we consider in greater detail the contribution of
crystal electric field splitting to thermal expansion. Of par-
ticular interest is the extent to which the CEF splitting
evolves withx in Ce,_,La,Rhins. The Cé" J=5/2 multip-
let splits in three doublets in the presence of tetragonal poi
symmetry?*

r'@=\(1-7?)|+5/2— 5|+3/2),
M=y =52+ (1- 77| 73/2),

=
t=1

(o) /"

0.0

1
10

B(T)

In Fig. 4 we show the electronic linear thermal-expansion
%Iong thec axis (ag, upper paneland perpendicular to it
(es,, lower panel after subtracting the lattice contribution,
estimated from th&p =245 K Debye curve. The solid lines
are the CEF contributions derived from E@&), using the
values forzn, A4, andA, obtained from neutron scattering
experiments in the pure compoufitiThe only free param-
eters are th@-independent coefficients andB, that are set
such that the maxima coincide. The detailed agreement is
nrtather poor, especially for:, although the overall shape is
correct.

In Fig. 5 we showa, as a function of temperature for
different magnetic fields applied along tleaxis. Experi-
mentally, the minimum in«, associated with CEF effects

0.0
[g=|=1/2). (1) -
i (2) X
Neutron scattering resuffson pure CeRhlgreveal that"; 10
is the ground state doublet, whilé" atA;=80 K andI'4 at e
A,=274 K are the first and second excited states, respec- ~
tively. A value of 0.6 is obtained for the mixing parametgr ®s
Within the formalism of Morinet al?® that takes into ac-
count CEF, quadrupolar and magnetoelastic effects, the con-
tribution to linear thermal-expansion for a tetragonal solid Ea
can be estimated as ¢
w
i~ 0.1
_ 40D <
@™ dT ’ o
o ©
d(09) s
2 0.0 ' L
a,p=B T 2 0 50 100 150
whereA andB are temperature independent functions of the T (K)

elastic constants and magnetoelastic coefficients @hds

FIG. 4. Electronic contribution to the thermal expansispm-

the relevant Stevens equivalent operoator. The thermodynamigyy. Solid line: CEF fit using parameters from neutron scattering
expectation value of this operat¢©;) can be calculated measurementsee text Dashed lineidembut with mixing param-
through Eq.(1). eter =0. Upper panela,. Lower panel:a,y,.
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FIG. 5. Linear thermal-expansion. for different magnetic 0 S0 100 150
fields applied along the axis. T (K)

FIG. 6. Calculation of the CEF contribution to thexis thermal

clearly shifts to highell with increasing field. The magnetic €XPansion fi)rozerﬁ field and |.18_1(;' Upper panel: using a mixing
field splits the three doublets and, according to our CERParametem=0.6. Lower panely=0.
scheme, mixes togeth&t? andI'(!). So, the full diagonal-

ization of the complete HamiltoniafCEF plus Zeemanre-  ceRrhin, then the peak observed in inelastic neutron scatter-
sults in six singlet states. An estimateaf= (18 T) accord-  jng experiment® at 23 meV would be forbidden by symme-

ing to this new scheme can be observed in the upper panel @ Thus, from these observations we hypothesize that sub-
Fig. 6. In the same figurec="(0) is shown for comparison. stituting La for Ce leads to a decrease in the mixing
In our calculation the absolute value of theaxis thermal parametery, due presumably to chemical pressure effects
expansion has a large increase and the minimum movesnd changes in hybridization strength. However, La doping

down fromT~42 to 12 K when applying 18 Tparallel to  seems to have no major effect on the level splitting.
the c axig). This huge change comes from the Zeeman split-

ting (~40 K for B=18 T) of the ground state doublet that

must be compared with the originAl, =80 K separation to IV. CONCLUSIONS
the first excited state in zero field. As a result, the first ex- ] )

field is applied and, thus, the associated peak occurs at low&re.6-8 4Rhins single crystals. Short-range magnetic corre-

T as well. This predicted behavior is in direct contradictionlations are clearly detected as a “hump” &§z~4.5 K, as

with what we observe experimentally. observed also in specific heat and magnetic susceptibility
According to Eq.(2), there would be no maxima in ther- experiments. This feature is observed only alongdtexis

mal expansion associated with the population of the first exconfirming the anisotropic nature of this compound. As ex-

cited singlet if the expectation value @2 is the same in Pected for a paramagnetic system, magnetostriction experi-

both the ground and the first excited singlet. This occurdn€nts show a quadratic field dependence of the volume

when the mixing parametey vanishes. The lower panel of above and belowl g indicating that this magnetic-related
Fig. 6 shows the calculatedSE7(0) and «SE(18 T) for 7 anomaly cannot be associated with a long-range order. Fi-
" Cc Cc

Qally, La doping appears to increase the5/2) character of

=0. The absolute value of the minimum slightly decrease g . .
gnty the crystal electric field ground state doublet in

and moves weakly toward highdt This behavior is much
more consistent with our experimental observation. In theé-€-xLaRhIrs.
case thaty=0, the ground state doubl&{? is now a pure

|+5/2) state while the first excited{™) is a pure|+3/2).

Using this approach, we estimate the temperature dependent We gratefully acknowledge C. D. Batista for helpful dis-
thermal expansion. This result is shown as the dashed curvesissions and F. Drymiotis for his collaboration in the specific
in Fig. 4 using the samA; andA, as for the solid lines. At heat experiments. Work at the NHMFL was performed under
least along thes axis, the agreement with the experimentalthe auspices of the National Science Foundation, the State of
results is much better. On the other handyi 0 in undoped Florida, and the U.S. Department of Energy.
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