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PHYSICAL REVIEW B VOLUME 62, NUMBER 21 1 DECEMBER 2000-I

Anisotropic electronic and magnetic properties of the quasi-two-dimensional
heavy-fermion antiferromagnet CeRhling

A. L. Cornelius
Department of Physics, University of Nevada, Las Vegas, Nevada 89154-4002

A. J. Arko, J. L. Sarrao, M. F. Hundley, and Z. Fisk
Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545
(Received 2 June 2000

We have used high pulsed magnetic fields to 50 T to observe de Haas—van Alphen oscillations in the
tetragonal antiferromagnet CeRbJnwhich has an enhanced value of the electronic specific heat coefficient
y=420 mJ/imol K. For T<Ty, the specific heat data at zero applied magnetic field are consistent with the
existence of an anisotropic spin-density wave opening a gap in the Fermi surface. The low-temperature
magnetization reveals a magnetic phase transition that appears to be first order in nature. Quantum oscillations,
which are observed foF < T whenB|[[100] andB||[001], reveal an anisotropic Fermi surface. The tempera-
ture dependence of the amplitudes of the quantum oscillations shows anomalous behaB|p0@d] as a
maximum afT*~1.2 K is observed which we attribute to a gap opening in the anisotropic Fermi surface. The
electronic and magnetic properties are anisotropic due to the quasi-two-dimensional crystal structure.

. INTRODUCTION of CeRhiIry and compressed CelnConsidering the resem-
blance in the environment around the Ce atom in the two
CeRhln crystallizes in the quasi-two-dimensior{glasi-  compounds, it is not surprising that there are similarities in
2D) tetragonal HoCoGatype structure and displays antifer- the electronic and magnetic properties. Many of the results
romagnetio AF) ordering afTy~3.8 K. The electronic spe- on CeRhlg will be discussed in terms of past results on
cific heat coefficient =420 mJ/mol ¥) determined for ~Celrs. However, it is necessary to consider the 2D nature of
T>Ty makes CeRhina moderately heavy-fermion com- the crystal structure to explain the magnetic and electronic
pound. The evolution of the ground states as a function oProperties(particularly the gaps that are observed in the
applied pressure, including a pressure-induced first-order siermi surface and specific heat measurements and the field-
perconducting transition at 2.1 K, is unlike any previouslyinduced magnetic transition
studied heavy-fermion system and is attributed to the
quasi-2D crystal structureWe have completed experiments Il. TECHNIQUES
in an attempt to understand the unusual electronic and mag- )
netic properties of CeRhn and we find that the anisotropic ~_ Single crystals of CeRhiwere grown using a flux tech-

crystal structure leads to a quasi-2D electronic and magnetigidue described else\_/vhe?reUsi_ng_ a standard four-probe
structure. measurement, the residual resistivity ratio betweK and

We have performed measurements on CeRfdh the 3OOtKI wfasd_fmi_nd t?c r?ehgreatﬁr than }00 Lorlall rE_eisured
magnetization and de Haas—van Alph@iHvA) effect in crystais, indicative of nigh-quality samples. A clear kink was

pulsed magnetic fields extending to 50 T and specific heat iﬁbserved in the resistivity aly=3.8 K. The specific heat

zero applied field. At the lowest temperature measured in thstii d'g?gstﬂﬁ%gr r:IZI;:::{;glrﬁ?etrr?(?(i fﬁgzleseggrlsy?ﬁea
magnetic studies £0.4 K), a field-induced spin-density- Y '

wave (SDW) transition is found to occur @y~2 T. The magnetization and dHVA effect were measured using coun-

large difference in the Fermi surface measured in the twéerwound highly compensated pickup coils in pulsed mag-

: - \ \ - netic fields up to 50 T at the National High Magnetic Field
different field c.:onf|gurat|.on§||.[100] gndBH[OOl] indicates Laboratory, Los Alamos. Throughout the pulsed field experi-
that the Fermi surface is anisotropic, as expected from the

. . 4 . _
quasi-2D crystal structure. The effective masses of the Camr_nents, the sample was immersed in'tde or “He environ

ers range fromm* =0.8m, to 1.4m, (wherem, the free elec- m((a)n;r ilg wr:jic: Kthe temperature could be varied between

tron mass for B|[100] andm* =5m, to 12m, for BJ[001]. -+ ©@" '

These values of m* are consistent with 7,

~56 mJ/mol K, the value of the electronic specific heat . RESULTS

coefficient forT<Ty which is the temperature range of the

dHVA measurements. F&{[001], the dHVA amplitudes are

observed to go through a maximum as a function of tempera- The single crystals of CeRhrnwere typically rods with

ture atT*~1.2 K, corresponding to a gap opening in the dimensions from 0.1 to 10 mm with the long axis of the rod

Fermi surface. along the[100] axis of the tetragonal crystal. The samples
We have observed similarities in the electronic propertiesvere found to crystallize in the primitive tetragonal

A. Crystal growth
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FIG. 2. The value of the magnetic transition fiedg, (rising
field) andBy, (falling field) for B||[ 100] in CeRhin; as a function of
temperature.

FIG. 1. The measured induced sigabltage vs applied pulsed
magpnetic field foB||[100] in CeRhIn, at 0.54 K. A magnetic tran-
sition is clearly observed @8y~2 T. HereB,, and By, corre-
spond to the transition for rising and falling fields, respectively.
nearsTy. Typically one sees a decrease in the magnetic
transition field asT increases for a magnetic-field-induced
transition. The exact nature of the transition is unclear, but it
is unlikely that it is truly a metamagnetic transition where
one expects a drastic change in the character of ¢hectron
which manifests itself as an increase in the magnetization on
the order of 1ug/Ce. However, the results are consistent
with what is observed in quasi-1D and -2D SDW systérfs.
o transition was detected in the magnetization measure-
ments forB||[001]. These results lead us to conclude that the
magnetic behavior can be explained by an anisotropic AF
'SDW that arises from a weak interlayer interaction between
AF-ordered (Celg) blocks.

HoCoGa-type structurd* with lattice parameters ofa
=465 A andc=7.54 A, as evidenced by powder x-ray
diffraction studies. The crystal structure of CeRhtran be
viewed as (Celg) (RhIn,) with alternating layers of cubic
(Celny) and (RhIp) stacked along the axis. There is a
single Ce site with /hmmsymmetry. Taking the ambient

B=670 kbar for Celg,® the a lattice parameter, and there-
fore the Ce-Ce spacing, in CeRbloorresponds to Cejmat

14 kbar. By looking at the crystal structure, we would expec
that AF correlations will develop in the (Celnlayers just as
they do in bulk Celg.® The AF (Celn) layers will then be
weakly coupled by an interlayer exchange interaction
through the (Rhlg) layers which leads to a quasi-2D mag-
netic structure.

C. Heat capacity

The zero-field data from specific heat measurements are
shown in Fig. 3. A peak af = 3.8, indicating the onset of
magnetic order, is clearly observed. The entropy associated
with the magnetic transition is 0R3n 2 with the remaining

At Ty=3.8 K, CeRhlg is known to exhibit magnetic 0.7RIn2 recovered by 20 K. Fof>T, the data could not
order™’ The exact structure of the AF order is not known, be fit by simply using
but nuclear quadrupole resonanbQ)R) measurements sug-
gest that there is helical modulation that is incommensurate
with the lattice and might be 2D in natufdn Fig. 1, we
show the measured inductive sigr@athich is directly pro- Wherey is the electronic specific heat coefficient afidis
portional to dM/dH) versus magnetic field at 0.54 K for the lattice Debye term. As found previously, one needs to
B[[100]. A magnetic transition aB,,=2.05 T in rising
field is clearly visible, with a small increase of the magnetic 20005 1600 F ' N 1
moment amounting te0.006 ug/Ce. In Fig. 2, the tem-
perature dependence B, is shown for both rising B,,)
and falling fields By,). As can be seen, there is a clear
hysteresis By, # B,,) between rising and falling fields which
seems to increase dsapproached . This leads us to con-
clude that the transition is first order in nature. In a simple
model of a two-sublattice magnet applicable to what we ex-
pect for CeRhlg, a complicated phase diagram with many
field-induced transitions of either first or second order can be 0 200 700 500 200
realized® Though this model treats both of the sublattices as T &
having AF correlationgwhereas only one sublattice would
have AF correlations in CeRhjy the general conclusions  F|G. 3. The zero-field specific he@tdivided by temperaturd
should be similar, and the model gives good qualitativeys T2 for CeRhin. The inset displays the rangé<15 K2 cor-
agreement to the experimental results. The valuBypfises  responding to temperatures beldy. The line is a fit as described
as temperature is increased with a very rapid increase asin the text.

B. Magnetization

CIT=y+p T2 (1)

1600

1200

C/T (mJ/mol K%
g

IS
=)
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CeRhln,
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use isostructural, nonmagnetic LaRhtn subtract the lattice I3
contribution to C.! Doing this leads to a value ofy ’ CeRhln;
=420 mJ/mol. As mentioned, the Ce-Ce separation of B I [100]
Celn; at 14 kbar is identical to CeRhrat ambient pressure.
Naively, one might expect thai(CeRhiIn)~ y(Celn; at 14
kban. From the high-pressure specific heat data on £e&ln
electronic Gruneisen parameter@f= 37 is found'* Assum-
ing that Q) is constant, this leads to an estimate fprin
Celny at 14 kbar of 310 mJ/molKwhich is in reasonable
agreement with that of CeRhnThis leads us to believe that . . .
the nature of the Ce-Ce interactions is similar in Gedh14 0 400 800 1200 1600
kbar to CeRhlg at ambient pressure. F(T)

If we look at temperatures beloW,, we expect thaC/T . .
can be approximated by an electronic tegm and an AF FIG. 4 Th(_e fa;t Fourier transfor_(ﬁFT) a_1mpI|tudes of_the mea-
magnon ternB,, T2. As can be seen in the inset to Fig. 3, the sured signal in Fig. 1 as a funct!on of inverse applied field for
data forT<Ty do not fall on a straight line, so the typical BI[100. The peaks that appear in the FFT data labdigeFs
analysis cannot be used. This sort of behavior has been seg?}(respond to .Ferml-surface orbits which have their physical prop-
before in other Ce and U compounds where an additional "°° summarized in Table I.
activated term is needed to fit the data!® By using the D. de Haas-van Alphen effect

form of Bredf? for the activated term, which arises from an ] o ]
AF SDW with a gap in the excitation spectrum due to an- 1 he dHVA effect is the most definitive experimental probe

F 2F

6 5

FFT Amplitude (arb. units)

isotropy, we use the equation of the Fermi surface properties of metals; the frequency of
the oscillationsF is directly proportional to extremal cross-
C/T= ,yo_,_ﬁMTZ_i_ﬁ'rw(eng/kBT)TZ 2) section areas of the Fermi surface, while the amplitude of the

oscillations yields important information concerning the
to fit our T<0.85Ty data whereE, is the activation energy. electronic interactions. Much theoretical and experimental
A fit to the data is shown in the inset to Fig. 3 usipg  Work has been done on the Fermi surfaces of heavy-fermion
=56+1 mImolk, By=24.1-0.4 mlmolK, g,  Systems®?’The main finding of the studies is that a Fermi-
=706+16 mJ/mol K andE,/kg=8.2+0.1 K. These val- liquid de_scrlptlon w_orks but is ch_aractenzed by a h_eaV|Iy
ues are similar to other Ce compounds that display this actfenormalized effective mass* which can be determined
vated behaviot? In a two-band model of itinerant antiferro- from standard Lifshitz-KosevictLK) theory. _
magnetism, it is found that the ratio of the gap energy to The dHVA measurements were performed on samples in
ordering temperature, d&,/kgTy, should have a minimum the shape of a parallelepiped with typical dimensions of 0.8
value of 1.76. Our value of this quantitg,/keTy=2.16, is X 0-8<5 mn? with the long axis along the crystallifia 00]
comparable to the calculated minimum value and similar tg?xis: The measured induced signal for CeRhtersus ap-

other measured gaps for systems with a SDW of 1.65 foPlied field forB|[100] is displayed in Fig. 1. There is clearly
YbBiPt® 1.8 for Ce(RygRMy 19,5k, 1.52 for an oscillatory dHVA signature in the data. The fast Fourier

URW,Si,,*3 and 2.3 for CF® transform (FFT) of the measured signal from Fig. 1 when

Though the agreement was not as good, the data could fotted as a function of the inverse magnetic field is shown in
fit reasonably with an empirical term, as done by manyFig- 4. and numerous peaks, corresponding to extremal

others**1” added to the electronic term to give Fermi-surface_ orbits and _assorted harmqnics, are observed.
The frequencies of the six observed orbits labegd-Fg
CIT=yo+A(e Eo/keT)/T 3) along with the corresponding values wf* and Ty (for B

>By), as determined by fitting to LK theory, are listed in
whereA is a constant ané has a temperature dependenceTable I. The values om* andTp, listed in Table | are av-
of the formE,= Eg(O)(l—T/TN)“Z. The best fit to our data erages of the values obtained for rising and falling field data
gives a value 0E4(0)/kg=9.6+0.2 K. It has been pointed over the range 4 ¥B<11T.
out, however, that this empirical form needs to be modified
to take into account the dispersion of the magnetic excitation ABLE |- 'Y'easured, de Haas—van Alphen frequendigsffec-
spectrumt® When this modification was performed on data V& massesn®, and Dingle temperaturég, above the magnetic
taken on URWSI,, the calculated gap was reduced from 1pgransition 3tBM ;Ole!l[:ll.Ogl n EeRhII:'.}" T4he frequencies; —Fe
K (Ref. 17 to 26.7 K(Ref. 13. Without a detailed neutron correspond to the labeled peaks in Fig. 4.
diffraction study to discern the magnetic dispersion, we feel

*

that the results using E@2) are more reliable. FM m™_(me) To ®

The heat capacity results lead us to the conclusion that the Fi 100 1.36-0.23 0.63-0.06
magnetically ordered state in CeRhlconsists of an aniso- F, 210 0.99:0.10 0.69-0.11
tropic SDW that opens up a gap on the order of 8—10 K in Fsy 282 0.93-0.15 0.720.18
the Fermi surface. From the ratio of the electronic contribu- F, 471 0.72:0.14 1.25-0.06
tion for temperatures above and beldy, we estimate that Fs 683 1.12-0.09 1.86-0.05
approximatelyy,/y~0.13 of the Fermi surface remains un- Fs 824 1.31+0.22 1.96-0.03

gapped belowT .
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0.4 T . . TABLE Il. Measured de Haas—van Alphen frequendi€s ef-
- F CeRhIn fective massesn*, and Dingle temperature$y, for B|[[001] in
= B [0015] QeRhIrg. The frequencie§;— F4 correspond to the labeled peaks
E in Fig. 5.
Ka}
s
o F M m* (me) Tp (K)
=
% Fi 3450 4804 0.75£0.05
g Fs 4484 8.4:1.0 1.26£0.05
— Fs 5987 6.5-0.8 2.410.16
0.0 =

0 5000 10000 15000 20000
F(T) for T<Tspw.2® These results along with the analysis of the

. . specific heat data point to CeRblas having a gapped Fermi
FIG. 5. The fast Fourier transfor(fFT) amplitudes of the mea- surface due to the formation of an anisotropic SDW.

sured signal as a function of inverse applied fieldBgf001]. The The masses listed in Tables | and Il appear to be rather
peaks Ia.beled:.i—Fé corre§p0nd to F.erml-.surface orbits which gy compared to the value of but are consistent withy,.
have their physical properties summarized in Table II. Also, the dHVA masses and electronic specific heat coeffi-

cient are similar to those of bulk Celd?"?®Because of

The FFT of the signal versus inverse magnetic field forthis, we believe we are observing the entire Fermi surface of
B[[001] at T=1.2 K in the range 31 ¥B<50 T is dis- CeRhin, though it is impossible to conclude this with abso-
played in Fig. 5. Three orbits with frequencies labeledjyte certainty.
F1—F3, along with assorted harmonics, are observed. The Without a complete set of dHVA measurements as a func-
FFT amplitudes of the three orbits are plotted in Fig. 6 on a&ion of the angle between the crystalline axes and magnetic
semilogarithmic plot as a function of temperature. The thredield or a band structure calculation, it is impossible to say a
amplitudes clearly display a maximumBt~1.2 K. Since great deal about the Fermi-surface topology. However, the
the maximum aT™* is seen for falling and rising fields and is great difference in the observed dHVA frequencies and
observed after temperature cycling, and the temperature deaasses for the two different orientations we measured indi-
pendence of the Cu dHVA FFT amplitudéom the Cu cates that there is clearly an anisotropy to the Fermi surface.
pickup coilg is not anomalous, we conclude that the maxi-Though it is tenuous to compare the Fermi surface of
mum atT* is a real effect. Fof >T*, the amplitudes can be CeRhin; to that of Celg, we will proceed and take the re-
fitted using the standard LK formalisrtthe lines are fits sults with caution. The dHVA frequency with the largest am-
using LK theory, and the frequencies; —F; along with the  plitude in Celn for B||[001] occurs atF~3300 T with a
corresponding values ofi* and Ty, of the orbits are listed in mass ofm* =2.32" If we assume that the only affect pres-
Table Il. ForT<T*, the amplitudes are seen to decrease irsure will have on the Fermi surface is to increasg, this
an exponential fashion, though we were unable to extract aarbit is very similar to our measured largest orbit for
accurate value for the gap from our data. This unusual beB|[001] of F;=3450 T withm* =4.8 for CeRhlg at am-
havior has been seen before in quasi-1D and quasi-2D matgient pressure. While we have observed many more dHvA
rials; however, the oscillations in question in these studiesscillations in CeRhlg relative to Celg due to the more
were only seen in electric transport, not dHVA, complicated crystal structure of CeRbjrour choice of start-
measurements:**~?*For one of these materials, it was de- ing with compressed Cejnto approximate the electronic
termined that a gap opens in the electronic spectrum at th&ructure of CeRhlnagain seems to have merit fBf[ 001].
SDW transition temperature as determined from NMR meaperhaps the Fermi surface is cylindrical, reflecting the 2D
surements which display activated Korringa-like behaviomature of the crystal structure, with orbits fBf[001] that

are approximately the same as in Ggln

14 ' ' ' ' ] We also examined the dHvVA data for any field or tem-
2 . . F =3456 T perature dependences of the frequencies or the masses. In
g .. weak ferromagnete®° and some heavy-fermion systems,
e notably UP3,3132it is known that there can be a large field
g 014 CeRhln dependence of the dHVA frequencies due to spin-split bands.
-“g’ B Il [001] F =5975T We did not observe such an effect in CeRhlie also did
-% not observe any significant temperature dependence of the
£ * ° dHVA frequencies. Within the experimental uncertainty of
= M . our measurements, we could not discern any field depen-
= 0014 * FomsT dence ofm*
i ] .

0.0 05 1.0 15 20 25

T (K) IV. CONCLUSION
FIG. 6. The fast Fourier transfor(ffFT) amplitudes of the mea- In summary, we have observed dHVA oscillations in the

sured signal as a function of temperatureB§f001]. The lines are  quasi-2D heavy-fermion antiferromagnet CeRhInThe
fits as described in the text. All three orbits display a maximum atmagnetic and electronic properties of CeRhtan be well
T*=1.2 K. explained by postulating the formation of an anisotropic
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SDW which opens a gap in the Fermi surface at low tem+esults here shed light on the unusual magnetic and elec-
peratures. From heat capacity measurements, we estimat@nic structure of CeRhin

that ~13% of the Fermi surface remains ungapped below
the magnetic ordering temperature. The anisotropy is a result
of the tetragonal crystal structure of CeRhimhich consists The work at LANL was performed under the auspices of
of cubic (Celn) blocks which are weakly interacting along thetUd.Sb. I?r?paNrtSn;entdoIhEntter?y, ?E? t}&e ,\CI)HMHI;\E: Sup-
thep a>.<is through (Rhlp) layers, and there is a great deal of \?v%ru?d Iikye tc(Ja ackno?;ledgi ?Jse?ucl)disgﬂsgibn:(\a/vic:ﬁ N..)Har-
similarity between CeRhlpand compressed CelnThough

- _ - rison and support from DOE Cooperative Agreement No.
more work is needed to obtain the full 3D Fermi surface, thepE-FC08-98NV13410.
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