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RELATIONSHIP OF MAGNETISM ANDSUPERCONDUCTIVITY IN HEAVY-FERMIONSYSTEMS: PRESSURE STUDIES ON CeMIn5AND Ce2MIn8 (M = Co, Rh, Ir)�M. Ni
klasa, V.A. Sidorova;b, H.A. Borgesa;
, N.O. MorenoaP.G. Pagliusoa, J.L. Sarraoa, and J.D. ThompsonaaLos Alamos National Laboratory, Los Alamos, NM 87545, USAbInstitute for High Pressure Physi
s, Russian A
ademy of S
ien
esTroitsk, Russia
Departamento de Físi
a, Pontifí
ia Universidade Católi
a do Rio de JaneiroRio de Janeiro, Brazil(Re
eived July 10, 2002)We report studies of the pressure-dependent super
ondu
ting and Néeltemperatures of the heavy fermion 
ompound Ce2RhIn8 and the doping se-ries CeRh1�xIrxIn5. Systemati
 evolution of their groundstates with pres-sure emphasizes the importan
e of spin �u
tuations for super
ondu
tivity.PACS numbers: 74.70.Tx, 62.50.+p, 73.43.Nq, 71.27.+a1. Introdu
tionThe relationship between magnetism and super
ondu
tivity is a re
ur-ring theme of heavy fermion physi
s, exempli�ed by CeIn3, whi
h is anambient pressure antiferromagnet, showing super
ondu
tivity under hydro-stati
 pressure as magnetism is suppressed [1℄. The family of CeMIn5 andCe2MIn8 (M = Co, Rh, Ir) is 
losely related to CeIn3, derived from theCeIn3 stru
ture by inserting, respe
tively, one or two CeIn3 layers betweena single MIn2 layer. Antiferromagnetism and super
ondu
tivity are foundin these systems. A feature of these 
ompounds is their remarkably high(>2K) super
ondu
ting temperature 
ompared to other heavy fermion su-per
ondu
tors and CeIn3 (T
 � 200 mK) in parti
ular. Hydrostati
 pressureand doping allow an investigation of the relationship of super
ondu
tivityand antiferromagnetism as a fun
tion of external parameters.� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(907)



908 M. Ni
klas et al.CeIn3, CeRhIn5, and Ce2RhIn8 are ambient pressure antiferromagnetswith TN = 10 K, 3.8 K and 2.8 K [1�3℄, respe
tively. CeIn3 and CeRhIn5be
ome super
ondu
ting at hydrostati
 pressures of 25 kbar and 16 kbar,respe
tively, but CeRhIn5 with an order of magnitude higher T
, 2.1 K
ompared to CeIn3 [1, 2℄. In this study we present results for Ce2RhIn8,whi
h is, from a stru
tural point of view, 
loser to CeRhIn5, whereas itsmagneti
 stru
ture is similar to CeIn3 [4, 5℄.CeRh1�xIrxIn5 shows a ri
h phase diagram: for x < 0:3 the groundstateis antiferromagneti
; magnetism and super
ondu
tivity 
oexist for an inter-mediate range of x and unusual super
ondu
tivity appears at large x [6℄.CeIrIn5 has a zero-resistan
e transition at about 1.2 K, but bulk super-
ondu
tivity, 
on�rmed by sus
eptibility and spe
i�
 heat measurements,is established at only 400 mK [7�9℄. We study the pressure-temperaturephase diagram for representative 
ompounds in this doping series and 
om-pare our results with the x-T phase diagram [6℄. We present detailed resultsfor CeRh0:9Ir0:1In5 and CeRh0:25Ir0:75In5, as representative of the alloy se-ries. The �rst is an ambient pressure antiferromagnet, whereas the latter issuper
ondu
ting at low temperatures.2. Experimental resultsCeRh1�xIrxIn5 and Ce2RhIn8 single 
rystals were grown out of ex
ess In-�ux. X-ray di�ra
tion on powdered 
rystals revealed single-phase material.The samples were 
arefully s
reened by ele
tri
al resistan
e and sus
epti-bility measurements for free In that might be present in the 
rystals. Onlysamples without any dete
table (less than 0.01 vol%) free indium were usedfor the present pressure studies. Measurements of the d
 and a
 sus
epti-bility were performed in a Quantum Design SQUID and a homemade 
oilsystem, respe
tively. Resistan
e measurements were 
arried out by a stan-dard four-probe a
-te
hnique using a resistan
e bridge, where the 
urrentwas applied in the (a; b)-plane of the samples. Three 
lamp-type 
ells withFlourinert-75 serving as pressure medium were used to generate various �xedhydrostati
 pressures up to 6 kbar for SQUID and 17 or 23 kbar for resistivitymeasurements. In addition, Ce2RhIn8 was studied at hydrostati
 pressuresto 50 kbar produ
ed in a toroidal anvil 
ell using a gly
erol-water mixture(3:2, volume ratio). In both types of 
ells, the super
ondu
ting transition ofPb (Sn), whi
h served as a pressure gauge, remained sharp at all pressures,indi
ating a pressure gradient of less than 1�2% of the applied pressure.
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tivity in. . . 9092.1. CeRh1�xIrxIn5The a latti
e 
onstant, whi
h is the nearest-neighbor Ce-Ce spa
ing in theCeRh1�xIrxIn5 series stru
ture, expands from a = 4:652 Å for CeRhIn5 toa = 4:668 Å for CeIrIn5. In 
ontrast, the 
 axis shrinks from 
 = 7:542 Å to
 = 7:515 Å [10℄. This 
orresponds to a 
ell volume in
rease of 0.3% fromCeRhIn5 to CeIrIn5. We estimate an un
ertainty in x of �0:05 at a given
omposition, this variation is 
onsistent with independent 
rystal-to-
rystalvariations in ground-state properties. However, the value of x in a given
rystal is always well de�ned; we observe no eviden
e for 
on
entration in-homogeneity or phase segregation as judged by the sharpness of di�ra
tionpeaks that are observed a
ross the series.Figure 1 shows the low temperature resistivity of CeRh0:9Ir0:1In5 fordi�erent applied hydrostati
 pressures. The 
hange in 
urvature re�e
tsthe Néel transition in the resistivity, whi
h has been 
on�rmed by d
-sus
eptibility and spe
i�
 heat measurements at ambient pressure. In
reas-ing pressure is a

ompanied by an in
reasing residual resistivity �0 as inCeRhIn5 [2℄. The Néel temperature TN at applied pressures is derived fromthe temperature at whi
h there is a maximum in ��=�T . TN(P ) initiallyin
reases with pressure with an estimated slope of �TN=�P � 53 mK/kbarsimilar to CeRhIn5 (�TN=�P � 9 mK/kbar) [2℄ as shown in Fig. 2. TNshows a maximum at about 5 kbar (TN � 4:95 K) and with further in-
reasing pressure shifts to lower temperatures. The feature in resistivity
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Fig. 2. T�P phase diagram of CeRh0:9Ir0:1In5. The Néel temperature TN is sup-pressed with in
reasing pressure. A zero-resistan
e state below T
;� appears above16.8 kbar. Tmax shows a broad minimum. The lines are to guide the eyes.indi
ating magneti
 order is still observable at 16.8 kbar, where we also �nda zero resistan
e state below 1.40 K. The super
ondu
ting transition sharp-ens and moves to higher temperatures (T
 = 1:95 K) at 18.6 kbar, where noindi
ation of a magneti
 transition is observable. (The T�P phase diagramis plotted in Fig. 2.)There is no maximum in �(T ) for pressures below 5 kbar, but one appears�rst at P = 6:6 kbar at Tmax = 27:7 K. Tmax initially de
reases to 22.5 K at10.4 kbar, shows a broad minimum and in
reases at higher pressures. Thisbehavior summarized in Fig. 2 is very similar to the response of undopedCeRhIn5 [2℄ and seems not to be a�e
ted by light Ir-doping.CeRh0:25Ir0:75In5, on the Ir-ri
h side of the T�x phase diagram, is su-per
ondu
ting at ambient pressure. Zero-resistivity appears below T
;� =965 mK, without any dete
table feature in a
 sus
eptibility. The bulk tran-sition takes pla
e at a mu
h lower temperature, as shown in Fig. 3 wherea 
omplete Meissner e�e
t develops below T
;��nal � 560 mK. A similardis
repan
y exists between T
;� and T
;� in CeIrIn5 [11℄.The response of the resistivity to hydrostati
 pressure is shown in �gure 4for 0, 5.1, 10.1 and 14.7 kbar. At ambient pressure the resistivity rea
hesa maximum at 37.7 K that generally is asso
iated with a 
rossover fromin
oherent Kondo-like s
attering at high temperatures to a heavy-fermionband state at low temperatures. The temperature of the maximum, Tmax,is a linear fun
tion of pressure P with dTmax=dP = 2:3 K/kbar, whi
h is
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e transition.
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Fig. 4. Resistivity � of CeRh0:25Ir0:75In5 for di�erent hydrostati
 pressures. Theinset shows the zero-resistan
e transition.
lose to what is found for the isoele
troni
 super
ondu
tor CeCoIn5 withdTmax=dP = 2:8 K/kbar [12℄. The resistivity above Tmax in
reases mono-toni
ally, whereas, the resistivity below Tmax de
reases. This is a typi
albehavior for Ce-based heavy fermion 
ompounds [14℄. A detailed view ofthe low temperature part is given in the inset of �gure 4. The resistivityjust above the super
ondu
ting transition loses more than half of its valueat 14.7 kbar 
ompared to its ambient pressure value.



912 M. Ni
klas et al.With in
reasing pressure the resistive, as well as the bulk, transitiontemperatures de
rease after a nearly 
onstant pressure dependen
e at lowpressures (see Fig. 5). The width of the resistive transition in
reases linearlyover the whole pressure range by nearly a fa
tor of two (�T
;� = 175 mK atambient pressure, �T
;� = 320 mK at 17 kbar). Similar behavior is observedin related 
ompounds of the CeMIn5 and Ce2MIn8 (M = Co, Rh, Ir) family.In CeCoIn5, for example, in
reasing T
 below 16 kbar is a

ompanied by asharpening of the resistive transition, while the transition broadens againwith de
reasing T
 at higher pressures [12, 15, 16℄. The sharpest transitionis always found at the highest T
. The onset of diamagnetism behaves likethe T
;�(P ), remaining 
onstant to 6 kbar but de
reasing at higher P . In
ontrast to the onset temperature, T
;��nal starts to de
rease for P & 3 kbar.
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e transition T
;�=0 and the onset T
;�onset and the temperatureT
;��nal of the 
ompleted bulk transition obtained from sus
eptibility measure-ments. The lines are to guide the eyes.At atmospheri
 pressure, the dis
repan
y between the resistive transitionT
;� and the bulk super
ondu
ting transition T
;bulk in CeRh1�xIrxIn5 isgreatest near x � 0:9 [6, 7℄ and vanishes with de
reasing Ir-
on
entration,approa
hing zero separation at CeRh0:5Ir0:5In5 [6℄. We have found thatthe di�eren
e between T
;� and T
;bulk de
reases with applied pressure inCeIrIn5 and �nally vanishes at about 20 kbar and, further, that T
;� andT
;bulk 
oin
ide for 0 < x < 0:5 at ambient and high pressure [18℄. Thisbehavior is in 
ontrast to the in
reasing di�eren
e between T
;� and T
;bulkwith pressure in CeRh0:25Ir0:75In5 (see �gure 5). Spe
i�
 heat, sus
eptibility
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tivity in. . . 913and resistivity measurements at P = 0 on samples x � 0:5 suggest that theinhomogeneous super
ondu
tivity is intrinsi
 and due to strain introdu
edby 
rystallographi
 defe
ts [9℄. However, the pressure dependen
e of T
;�and T
;bulk we �nd suggest that either the defe
ts have an unusual pressureresponse or that additional me
hanisms may be responsible for this behavior.The doping-temperature phase diagram of CeRh1�xIrxIn5 in �gure 6summarizes the e�e
t of pressure on the antiferromagnetism and super
on-du
tivity. At ambient pressure antiferromagnetism persists for 0 � x � 0:6.The Néel temperature stays 
onstant for x . 0:4, but vanishes ratherabruptly with further in
reasing Ir-
on
entration at x
 � 0:6 [6℄. Super-
ondu
tivity is observed over a broad range of doping, 0:3 � x < 1. The 
o-existen
e of magnetism and super
ondu
tivity in 
on
entration range 0:3 �x � 0:6 [6℄ is also 
on�rmed mi
ros
opi
ally by NMR measurements [17℄.
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Fig. 6. Phase diagram for the doping series CeRh1�xIrxIn5 at ambient pressure [6℄and at 5 kbar. The data at 5 kbar is interpolated from the a
tually measured datafor the 
on
erning 
on
entration. The lines are to guide the eyes.For 
omparison 5 kbar data for TN and T
;�, interpolated from the 
orre-sponding pressure-temperature phase diagrams are in
luded in Fig. 6. The
riti
al 
on
entration for the suppression of antiferromagnetism to zero tem-perature x
 shifts from x
(P = 0) � 0:6 to x
(P = 5kbar) � 0:3. This isa

ompanied by an in
rease of TN for x = 0:1 leading to a maximum inTN(x). Super
ondu
tivity exists in an extended 
on
entration range fromx = 0:25 to 1, where now super
ondu
tivity is 
oexists with magnetismin CeRh0:75Ir0:25In5. The super
ondu
ting transition temperature has in-
reased for all 
on
entrations ex
ept x = 0:75, resulting in the developmentof a minimum in T
;� around x = 0:75.



914 M. Ni
klas et al.In CeRhIn5, the sus
eptibility reveals a maximum at about T�;M =7:5 K, [2℄ where inelasti
 neutron s
attering �nds the development of an-tiferromagneti
 spin 
orrelations in the CeIn3-layers [13℄. Applied pressuresuppresses T�;M , whi
h extrapolates to zero at a pressure required to indu
esuper
ondu
tivity. This pressure-indu
ed de
rease in T�;M is a

ompaniedby a large in
rease in the residual resistivity, whi
h 
an be understood ifthere is a 
orresponding in
rease in s
attering from antiferromagneti
 spin�u
tuations [2℄. Measurements of the sus
eptibility for �eld applied alongthe 
 axis, �
, and along the a axis, �a, in the doping series [6℄ reveal 
har-a
teristi
 evolution of ea
h 
omponent. While the maximum in �
(T ) dis-appears near the 
on
entration at whi
h super
ondu
tivity is �rst observed,the maximum in �a(T ) is lost around x � 0:6, where magneti
 order is sup-pressed. The disappearan
e of the maximum in the sus
eptibility is a

om-panied by a 
hara
teristi
 
hange of the pressure dependen
e of �0(P ). Theresidual resistivity �0 in
reases with pressure for Ir-
on
entrations x < 0:5(��0=�P > 0). Though we have not determined T�;M (P ) for these alloys,we believe that the positive ��0=�P arises from the same me
hanism asin CeRhIn5 and this leads to a higher maximum T
(P ) in this part of thephase diagram. For x � 0:5, ��0=�P is negative, implying a shift of the spin�u
tuation spe
trum to higher energies, whi
h might a

ount for a lowermaximum T
(P ) in this region of the phase diagram.2.2. Ce2RhIn8At ambient pressure Ce2RhIn8 orders antiferromagneti
ally with a Néel-temperature TN = 2:8 K below whi
h the magneti
 stru
ture is 
ommen-surate and similar to CeIn3 [5℄. In 
ontrast, CeRhIn5 has an in
ommen-surate magneti
 stru
ture below its Néel-temperature TN = 3:8 K. A se
-ond magneti
 transition to an in
ommensurate state at lower temperaturesTLN = 1:65 also is found in Ce2RhIn8 [19℄. In the following, we dis
ussthe pressure-temperature phase diagram of Ce2RhIn8 and 
ompare it to thephase diagram of CeIn3, CeRhIn5 and the doping series CeRh1�xIrxIn5.A 
omplete study of the high pressure properties of Ce2RhIn8 will appearelsewhere [20℄.The P -T phase diagram of Ce2RhIn8 is shown in �gure 7. At appliedpressure, TN is derived from the maximum of the temperature derivativeof the resistivity ��(T )=�T . This de�nition of TN is reasonable, as shownby a 
omparison to d
-sus
eptibility measurements 
arried out in a SQUIDmagnetometer for pressures up to 6 kbar. TN de
reases linearly at a rate�TN=�P � �82 mK/kbar. A linear extrapolation of these data to zero-temperature gives a 
riti
al pressure P
 � 30�5 kbar. The initial slope and
riti
al pressure of Ce2RhIn8 are similar to those found for CeIn3, �TN=�P �
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ond magneti
 transition at low temperatures and small pressures (see inset). Thesuper
ondu
ting temperature T
 is obtained from the onset onset of the resistivetransition. T? marks an additional feature of unknown origin in the resistivity.�60 mK/kbar and 25 kbar, respe
tively [1℄. These pressure dependen
ies
ontrast sharply with that of CeRhIn5 where TN initially in
reases weaklywith pressure [2, 21℄.In 
ontrast to TN, the in
ommensurate magneti
 transition TLN inCe2RhIn8 is very sensitive to external pressure as shown in the inset ofFig. 7. At 0.2 kbar TLN shifts from 1.65 K at ambient pressure to 0.95 K.This gives an estimate of a 
riti
al pressure P
;LN � (0:4�0:1) kbar for sup-pressing TLN and a 
orresponding slope of �TLN=�P � �(4:3�1:5) K/kbar.Between 5.5 and 8.9 kbar a weak de
rease in the resistivity appears atT? = 420 mK. We note that the maximum in the resistivity at Tmax beginsto in
rease when T? �rst appears (see Fig. 7). We have no eviden
e forthe nature of this feature in the resistivity, but one 
ould spe
ulate thatit might be related to the suppression of the lower magneti
 transition atP
;LN � 0:4 kbar.At 11.0 kbar the resistivity data develop a steeper slope below �1 Kfollowed by a a kink near T
 = 380 mK. The kink shifts 
ontinuously to



916 M. Ni
klas et al.higher temperatures with in
reasing pressure, a

ompanied by a dramati-
ally redu
ed resistivity at the experimental base temperature and �nally azero-resistan
e state appears below 595 mK at 16.3 kbar. A
-sus
eptibilitymeasurements show the onset of a diamagneti
 response at the same tem-perature where the resistan
e goes to zero. T
 de�ned by the onset of theresistive transition shows a maximum at about 23 kbar. The extrapolated
riti
al pressure for the suppression TN is 
entered below the maximum T
in the super
ondu
ting dome, similar to CeIn3 [1℄. The possible 
oexisten
eof antiferromagnetism and super
ondu
tivity promotes the importan
e ofspin-�u
tuations for the emergen
e of super
ondu
tivity in Ce2RhIn8.3. Con
lusionsIt is generally believed that spin �u
tuations mediate pairing in the un-
onventional super
ondu
tivity of heavy-fermion materials [1℄. Both, thedoping series CeRh1�xIrxIn5 and Ce2RhIn8 show the 
oexisten
e of super-
ondu
tivity and antiferromagnetism in their phase diagrams. In Ce2RhIn8super
ondu
tivity appears with the suppression of its 
ommensurate anti-ferromagneti
 phase with applied pressure. The same is true for the parent
ompound CeIn3 [1℄. CeRhIn5 orders in an in
ommensurate magneti
 stru
-ture with Q = (12 ; 12 ; 0:297) and �0 = 0:37�B [4℄. Re
ent results of neutrondi�ra
tion measurements on CeRhIn5 at 11 kbar show an abrupt 
hangein the magneti
 modulation 
orresponding to a 
hange in the turn angleof the spiral stru
ture from 107Æ to 142:6Æ [22℄ with little 
hange in TN.This suggests that the ordering waveve
tor tends to a 
ommensurate mag-neti
 stru
ture with in
reasing pressure and leads to the spe
ulation thatsuper
ondu
tivity in CeRhIn5 may evolve from a 
ommensurate magneti
stru
ture. However, this remains to be established. In this regard, though,we note that neutron di�ra
tion experiments [23℄ on CeRh1�xIrxIn5 �nd a
ommensurate magneti
 stru
ture developing at temperatures slightly belowthe in
ommensurate phase transition for values of x where super
ondu
tivityand antiferromagnetism 
oexist. (The transition between in
ommensuratean 
ommensurate stru
tures is not dete
table by spe
i�
 heat or resistivitymeasurements.) This leads us to spe
ulate that the rapid suppression ofthe magneti
 phase boundary x
 with pressure may be asso
iated with a
hange in ele
troni
 stru
ture that supports the in
ommensurate magneti
stru
ture.Together, these �ndings suggest eviden
e for the relationship of a 
om-mensurate magneti
 phase, the suppression of the magnetism to zero tem-perature and the appearan
e of super
ondu
tivity mediated by antiferro-magneti
 spin �u
tuations.Work at Los Alamos was performed under the auspi
es of the US DOE.
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