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Anisotropic elastic properties of CeRhlin
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The structure of the quasi-two-dimensional heavy fermion antiferromagnet CeRidrbeen investigated as
a function of pressure up to 13 GPa using a diamond anvil cell under both hydrostatic and quasihydrostatic
conditions at room T=295 K) and low T=10 K) temperatures. Complementary resonant ultrasound mea-
surements were performed to obtain the complete elastic moduli. The bulk mo8utig8(GPa) and uniaxial
compressibilities ,=3.96x 10 3 GPa ! andk,=4.22<x10 3 GPa 1) found from pressure-dependent x-ray
diffraction are in good agreement with the ultrasound measurements. Unlike doping on the Rh sit& where
increases linearly with the ratio of the tetragonal lattice parametersno such correlation is observed under
pressure; instead, a double-peaked structure with a local minimum around 4—5 GPa is observed at both room
and low temperatures.
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[. INTRODUCTION creasingc/a increasesT.).'* In order to explain the evolu-
tion of superconductivity induced by pressure and the sup-
Ce based heavy fermiofHF) antiferromagnetic(AF) pression of AF ordering, it is important to probe the effect of
compounds have been the subject of intensive investigatiorressure on structure for this compound and look for possible
due to their unconventional magnetic and superconductingorrelations between structural and thermodynamic proper-
properties. In these compounds the electronic correlationsies.
the magnetic ordering temperature, and the crystal-field ef- Here we report on high-pressure x-ray-diffraction mea-
fects are sensitive to pressure, and pressure induced supswrements performed on CeRhblap to 13 GPa at highT
conductivity has been observed in a variety of compounds=295 K) and low T=10 K) temperatures under both hy-
such as CeR®i,, CeCyGe,, CeRhSi,, and Celg.1®The  drostatic and quasihydrostatic conditions. As the measured
appearance of superconductivity in these systems and tHmear compressibilities are similar for both tleandc di-
deviation from Fermi-liquid behavior as a function of pres-rections, the results for all pressure measurements, both hy-
sure are still challenging problems to be studied. Recentlydrostatic and quasihydrostatic, are similar. The elastic prop-
HF systems with the formula G&In; (M =Co and Ir) have erties obtained from the high-pressure measurements are
been reported to become superconductors at ambiesbmpared to the full set of elastic constants obtained from
pressuré;® while CeRhlIg is an antiferromagnet at ambient resonant ultrasoundRUS) measurements, and excellent
pressure Ty=3.8 K and y~400 mJ/mol K). These com- agreement is found in the measured bulk modul@s (
pounds crystallize in the HoCoGatructure with alternating ~78 GPa) from both techniques. We find no direct correla-
stacks of CelpandM In, along thec axis. Thermodynamig, tion betweerc/a and T, as a function of pressure. Rather, a
nuclear quadrupole resonan@and neutron-scatteritex- ~ double-peaked structure with a local minimum around 4-5
periments all show that the electronic and magnetic properSPa is observed far/a at both room and low temperatures.
ties of CeRhlg are anisotropic in nature. The AF ordering in
CeRnhlny is suppressed with applied pressure and supercon-
ductivity is observed at 1.6 GPa wii,=2.1 K. Like Celn;
the bulk nature of the superconducti(®C) state in CeRhlg CeRhlny single crystals were grown by a self-flux
has been unambiguously established under pressure. The Aéchniquet® The single crystals were crushed into powder
state is suppressed at a pressure of around 1.2 GPa and @md x-ray-diffraction measurements show the single-phase
exists over a limited pressure range with the SC $tite? nature of the compound. In agreement with previous
The value ofT, in magnetically mediated superconduct- results!® the crystals were found to have tetragonal symme-
ors is believed to be dependent on dimensionality in additioriry with cell parametersi=4.6531(1) A,c=7.538(9) A.
to the characteristic spin-fluctuation temperature. Theoretical The high-pressure x-ray-diffractiofiXRD) experiments
models and experimental results suggest that SC state imere performed using a rotating anode x-ray generator
CeRhin, may be due to the quasi-two-dimensional structure(Rigaku for runs 1-4 §=0.7093 A) and synchrotron x
and anisotropic AF fluctuations which are responsible for theays at HPCAT §=0.4218 A), Sector 16 at the Advanced
enhancement oF relative to Celg.'*°A strong correlation  Photon Source for run 5 and the low-temperature measure-
between the ambient pressupda ratio and T, in the  ment. The sample was loaded with NaCl or MgO powder as
CeMIn; compounds is indicative of the enhancement of thea pressure calibrant and either a 4:1 methanol ethanol mix-
superconducting properties by lowering dimensionality  ture (hydrostati¢ or NaCl (quasihydrostaticas the pressure
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FIG. 1. Rietveld refinements for the high-pressure x-ray- 2 theta (deg.)
diffraction patterns of CeRhinat 0.26 GPa and 7.54 GPa. The
NaCl pressure marker and various reflections from CeRlahe FIG. 2. X-ray-diffraction patterns collected at various pressures
labeled. for CeRhIn. Peaks labeled correspond to the Re gasket ahdo

the NaCl pressure marker. Peaks without a label are from the

transmitting medium in a Re gasket with a 18én diameter ~ CeRhiny sample.
hole. High pressure was achieved using a Merrill-Basset dia- )
mond anvil cell with 600wm culet diameters. The XRD pat- contains layers of cubo-octohedra of the structural type of
terns are collected using an imaging plate (3@00 mn?)  AuCus and layers of PtHgstructure type. The unit cell con-
camera with 108 100 wm? pixel dimensions. XRD patterns SiStS of Ce atoms situated at the corners and In atoms at two
were collected up to 13 GPa at roofi£ 295 K) and low inequivalent sites. Inl is surrounded by Ce and located at the
(down toT=10 K) temperatures. The low-temperature mea-toP and bottom faces while In2 is stacked between Ce-In and
surements were made in a continuous flow cryostat. The imRD layers. The hybrid structure is related to both Geind
ages were integrated usimyr2p software!” The structural C&RhINe. When comparing the crystallographic data and
refinement of the patterns was carried out using the Rietvel@ulk modulus of Celg it is evident that the Ce atom in
method on employing theuLLPROF and Reiica (LHpm) — C€RhIny experiences a chemical pressure of 1.4 GPa at am-
software packages. bient conditiong:®

The RUS technique is described in detail elsewh&?8. The results of the Rietveld refinement at different pres-
By measuring the resonant frequencies of a well aligneures have been listed in Table I. During the refinement, a
single crystal of CeRhly we can determine the full set of total of 19 parameters have been optimized which include
room-temperature elastic constants. This will give the adiat® background, scale factors, lattice parameters, profile pa-
batic bulk modulusB® rather than the isothermal bulk modu-

lus B, found in the pressure measurements. TABLE |. Room-temperature structural parameters, isotropic

thermal parameterB, andR factors of CeRhlg at different pres-
sures. The crystal structure is tetragonal and space group symmetry
IIl. RESULTS AND DISCUSSION is P4/mmm (No. 123 with Z=1. The atomic sites are Ce at

. . 1a[0,0,0], Rh at 1[0,0,0.5, In1 at 1c[0.5,0.5,0, d In2 at
In Fig. 1 we show the XRD patterns for CeRhlobtained al ! at E 0. and In2 a

at two different quasihydrostatic pressures with NaCl used agl[o’o'E’Z]'

the pressure transmitting media. The raw dateosses 1.47 GPa 397 GPa 5.18 GPa  7.54 GPa
Rietveld fit to the dat#solid line through the data pointdit

reflections(vertical lineg, and the difference between the fit a (&) 4.62633) 4.57183) 4.57123) 4.52983)
and experimentsolid line near bottomare all shown. Figure ¢ (A) 7.5051) 7.4091) 7.3961) 7.3371)
2 shows the diffraction data at five different pressures. Dif-In2 (z) 0.30363) 0.30494) 0.30893) 0.30583)
fraction peaks from the Re gaskédbeledg), NaCl (labeled B, (A?) 0.3(1) 0.52) 0.3(1) 0.51)
*) and CeRhlg (no labe) are all observed in Fig. 2. The By, (A?) 0.91) 1.33) 1.02) 1.7(1)
known equation of state for NaGRef. 21 or the standard B, (A? 1.72) 3.84) 1.43) 1.42)
ruby fluorescence technigtfewas used to determine the B, , (A?) 1.4(1) 1.31) 1.2(1) 0.807)
pressure. The refinement of the CeRh¥RD patterns was R, (%) 21 26 25 21
performed on the basis of the4/mmm space grougNo. Rup (%) 3.0 3.8 35 3.0

123. The HoCoGa structure in which CeRhlincrystallizes
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FIG. 3. Normalized volum&/V, and ratio of tetragonal lattice FIG. 4. Normalized volum&/V, and ratio of tetraganol lattice

cc_)nstants:/a plotted vs pressure for Cenglat room temperature.  constantsc/a plotted vs pressure for CeRhlmt 10 K. The solid
Five separate runs, two quasihydrostdfited symbols and three  |ine through the volume data is a fit to all of the data usBg
hydrostatic(open symbols are displayed. The solid line through _7g > gpa and},=4.8. The dashed line shows the ambient pres-

the volume data is a fit to all of the data usiBg=78.4 GPa and g rec/a value. The solid line through thefa data is a guide for the
By=5.6. The dashed line shows the ambient presstaevalue. eye.

The line through the/a data is a guide for the eye.

rameters, temperature factors, zero-point shift parameter, aith a local minimum around 4-5 GPa. Note that the
atomic coordinate. Initially the refinement has been startedsotropic thermal parameters for the In sites, in particular
for two phases in most cases including the pressure calibrari)e Inl site, have their largest values around 4 GPa.
and at higher pressures an additional phase for the gasket h@iBe initial values of the linear compressibiliti¢gaverage
been added. At higher pressures, considerable changes in thalues from the hydrostatic measurements Forx2 GPa)
isotropic temperature factors are observed for Inl, In2, andre x,=(3.96+0.08)x10 3 GPa ! and k.= (4.22+0.10)

Rh during the refinement. X 10" 2 GPa !. The similarity between the measured values
The V(P) data have been plotted for CeRglior quasi-  of «, and «,, are likely the reason that no discernible differ-
hydrostatic(run 1 and run 2 and hydrostatioqruns 3-5  ence is found for the hydrostatic and quasihydrostatic cases.
measurements in Fig. 3. Since the maximum volume comThe P-V data show that the system retains its crystal struc-

pression is only of the order of 10%, th§P) data have ture up to the pressure limil3 GPa investigated.
been fit using a least-squares-fitting procedure to the second- We have also investigated thg P) behavior at low tem-
order Murnaghan equation of state perature T=10 K). As the superconducting transition has a
, maximum around 2 K, it is desirable to obtain structural data
Vo |\Bo in the low-temperature regime when trying to correlate su-
V(P) -1 (1) perconductivity to structural measurements. The results for a
single hydrostatic measurement at 10 K are shown in Fig. 4.
For the room-temperaturd ¢ 295 K) data in Fig. 3, we find  The value ofB,=78.2+5.2 GPa is identical to the room-
Bo=78.4-2.0 GPa andB;=5.6+0.6. The Rhlp layers in  temperature value within the experimental uncertainty.
CeRhliny appear to stiffen the structure relative to Ggln Though the lattice does contract at ambient pressure as tem-
which has a smaller bulk modulu8 & 67 GPa)?® The bulk  perature is lowered which would lead to a higher bulk modu-
modulus value compares well with the values reported folus, the expected change is within our experimental uncer-
other HF system&' =% Figure 3 also shows the ratio of the tainty. The variation oft/a as a function of pressure again
lattice constants/a as a function of pressure. For all of the shows a double-maximum structure at low temperature in a
measurements, there appears to be a double-peak structum@anner similar to the room-temperature data.

Bo
Bo
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perature for CeRhinat P=6.9 GPa. The solid line is from ambient 'g 321} o g
pressure thermal-expansion déRef. 28. é’ 0
- 348} o B
As mentioned, a strong correlation between the ambient '-T © Run3
pressurec/a ratio and T in the CéMIns compounds has S 315¢ o Run4 ]
been observedincreasingc/a increasesT,).** To further
investigate the variation of/a with pressure and tempera- 820 ., . . L L . L
; 0 2 4 6 8 10
ture, we plot the value of/a as a function of temperature at
P=6.9 GPa in Fig. 5. As can be seen, there is a significant Pressure(GPa)

enhancement of/a at 6.9 GPa relative to the ambient pres-
sure thermal-expansion data of Takeuehial?® Unlike the

ambient pressure data/a appears to increase as tempera-
ture is lowered at 6.9 GPa. Taken as a whole, the current

results seem to show no direct correlation between the Valuec%nsistent with a correlation between the room-temperature
of ¢/a and T, under pressure. However, the value@h 5,0 ofc/q and T, for various C& Ins compounds? This
(~1.624) whereT(P) has its maximum around 2.5 GPa is leads to the natural conclusion that hybridization effects are
likely the driving force behind the observad(P) behavior
r{g CeRhIn. We will discuss this in further detail later.

The complete set of elastic constants were measured using
sure P). the RUS technique and the results are shown in Table II. The

values of the adiabatic compressibiliB?, tetragonal shear

modulus C', and linear compressibilitiesx{,, «.) can be

FIG. 6. The measured Ce-Inl and Ce-In2 bond lengths for both
hydrostatic measurements on CeRh&s a function of pressure.

TABLE Il. A summary of the CeRhlx elastic constant<;;
measured using resonant ultrasound and the various moduli al
compressibilities measured by resonant ultrasqi®idS) and pres-

Elastic constant ValuéGP3a _
calculated from the measured elastic constdngmd are
Cn 146.7 given by
Co, 45.8
Cus 43.4 s Caa(Cpt Ci)—2CH, @)
Cas 1414 " 2C43+Cpy+Cpp—4C
Cus 54.0 33T 11T 12 13
Ces 41.8 and
Moduli Value (GPg t 1
C'=5(2C33+C1;+C15—4Cya). (€)
BS (RUS 82.5
C! (RU9 43.2 The results are displayed in Table Il. The value B is
B, (P) 78.4 slightly larger than the isothermal valBg obtained from the
I pressure measurements. This is to be expected as the ratio
Compressibilities Value (GPd) BS/Bo=1+ By T, where 3=4.6x 10 ° K ! is the vol-
K, (RUS) 4.09< 103 ume thermal-expansion coefficiéhand y,;, is the thermal
ke (RUS 3.96x10°° Gruneisen parameter which is typically of the order of unity.
Ky (P) 3.06x 103 At room temperature then, one expeﬁ%/Bow 1.01-1.02
ke (P) 4.22x10°3 which is in reasonable agreement with our experimental

value of 1.05-0.03.

014515-4



ANISOTROPIC ELASTIC PROPERTIES OF CeRAgIn PHYSICAL REVIEW B 69, 014515 (2004

In all of the measurements, tléa ratio is found to have IV. CONCLUSIONS
a double-peaked structure. As mentioned previously, the hy-

b|r|d|zat|0n Eetvlvdeen Fhle gefélelzctronﬁ ag_d the cok;1duct|on mion system CeRhHusing resonant ultrasound and hydro-
electrons should mainly depend on the distance between (g ang quasihydrostatic pressures up to 13 GPa using

and its nearest neighbors. In fact, a simple model to estimat)g_ray diffraction. The bulk modulus E=78 GPa) and
the hybridization by means of a tight-binding calculation ,,iaxial compressibilities £,=3.96x 10" % GPa * and &,
shows that the hybridization should have the relatively_ 4 2o 103 GPa 1) found from pressure-dependent x-ray
strongd~° dependence for hybridization betweérandd iffraction are in good agreement with the ultrasound mea-
electrons, where is the distance between the atoms contain-syrements. Unlike doping experiments which hint at a strong
ing thed andf electrons(in our case, this would be Rh and correlation between the/a ratio andT,, pressure shows no
Ce, respectively’>! such correlation as a double-peaked structure with a local
To examine the pressure dependencd,dhe Ce-In1 and minimum around 4-5 GPa is found at 295 K and 10 K.
Ce-In2 bond lengths are plotted in Fig. 6 for the hydrostatic
measurements. The Ce-Inl bond is less compressible than ACKNOWLEDGMENTS
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