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We report the discovery of pressure-induced superconductivity in a semimetallic magnetic material
CeTq g,. The superconducting transition temperatilige=2.7 K (well below the magnetic ordering tempera-
tureg under pressurex2 kbar) is remarkably high, considering the relatively low carrier density due to a
charge-density-wave transition associated with lattice modulation. The mixed magnetic structure of antiferro-
magnetism coexisting with ferromagnetism can provide a clue for this fiighe discuss a possible theo-
retical model for the superconducting pairing mechanism.
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Recently, quite different collective states have been obromagnetic(AFM) order in the spin sequence of down-up-
served, i.e., superconducting state coexisting/competing witbp-down along the axis belowTy~4.3 K (see Ref. 8 and
magnetic ordering or charge density waves. CertairFig. 1). Because of the two-dimensional motion of the carri-
f-electron systems containing the lanthanide and actiniders confined within the Te sheet sandwiched by the ferromag-
components, e.g., Cegsi,, Celny, CeRhir, UNiyAl;, netically coupled CeTe layers, the strong anisotropy is ob-
UGe,, etc., appear to be a manifestation of the competitionserved in the electrical resistivity with a ratio pfic/p, ¢
interplay between superconductivitgC and magnetistt?  ~150 at 2 K and the isothermal magnetization with a ratio of
In thesef-electron systems, the most possible pairing potenM /M ;~7 at 2 kG5
tial is believed to be of a magnetic origin and the pairing High-purity single crystals were grown with varying Te
symmetry is an unconventional one. Another collective stategontents, i.e., 0.185<0.18 in CeTe_,. Electron-probe
the charge density wav€CDW) in addition to SC, is ob- microanalysis reveals the deficiency in the Te contewith-
served in such materials as layered transition-metal dichalcaut any evidence of inhomogeneity to a resolution of 0.1%.
genides and NbSe which undergo a superconducting tran- This ¢ value is often observed in other rare- earth dichalco-
sition Wlth the CDW ordering at far higher temperaturesgenides such as LaJg, SmTq g4, and DySggs,® where the
~1000 K2 The precise role of CDW with respect to SC has chalcogen vacancy goes into the Te sheet and stabilizes the
been unclear so far. Their coherent properties now constitutstructural modulation. The in-plane resistivity measurements
a separate interesting branch of correlated electron sy$temsvere made on single-crystal platelets by the conventional ac
The compound CeTg, studied in this paper shows all these four-terminal method as a function of temperature, magnetic
collective states: CDW, magnetism, and SC at consecutivelfield, and pressure. The pressure cell is of the piston-cylinder
lowering temperature. type constructed out of high-purity nonmagnetic BeCu alloy

Here we report an observation of pressure-induced SC in
a semimetallic magnetic material CgFg with a relatively
low density of states(DOS).>® At ambient pressure,

CeTe_ 5(0.13<6=0.18) displays various collective ground

states and exhibits highly anisotropic transport and magnetic
propertied It crystallizes in layered tetragonal §$b-type

structure, where a metallic Te sheet is sandwiched by semi-
conducting CeTe double layers and is stacked alongcthe

axis® Because of this layered crystal structure and the Te
vacancy, a CDW state is stabilized even at far above the

room temperature. The presence of CDW gapcdw

~1000 K) is verified by electron-tunneling spectroscopy
measurementSAt low temperatures, this compound under-

goes two different magnetic orderinThe local magnetic

moments of Ce ions develop a short-range ferromagnetic

(SRP ordering in the CeTe layer with a magnetoelastic ori-

gin belowTsr~6 K. As temperature is further lowered, the (o} T
SRF CeTe layers develop a long-range ferromagr&tid)

order in the layers and simultaneously a long-range antifer- FIG. 1. The crystal and magnetic structure of Celfelow Ty,.
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FIG. 2. Temperature dependence of the in-plane resistancKMFl(Sbsr'] (-l:—i(e;Ir:a“s)?rﬁthuer?nigt)::gl\?lnce(gggﬂhstcli/ni f??hlg |[r)12;2t
R(T)/R(4 K lized to te 4 K value i 5 kbar at BG
(N/R(4 K) normalized to vaue In pressure > xhat &b gy o defined in the textAM =|Mrc—Med and AMge=AM

c-axis fields 0, 1.5, 2, and 3 kG. The inset shows upper criticaI_M Densi f CeT d ! d about 10
fields H,(T) from the onset of superconducting transition, at B Density of CeTeg, under pressure is assumed abou

which the resistance first deviates from the normal-state value.

suitable for the application of external magnetic fields. Theetic susceplibility 4AMsc/H measured at 6 kbar, where

pressure was determined $00.005 kbar from the electrical Atl)\/l 8%21(? M/_ M_l?ﬁ’ g_ssummgtt_hat the denS|tty of gqf&glsd st
resistance of Manganin sensor. Bulk magnetization measure- ou gice. The diamagnetic component 1S observed jus

ments as a function of temperature were performed by mea low 2.8 K, which coincides witfT; determined byp(T)
of a SQUID magnetometéQuantum Design, MPMS7with measurements. These results support the presence of bulk SC

similar pressure cells, in which 1:1 mixture of Flurinert in CeTq g,.

FC70 and FC77 was used for a pressure transmittin In Fig. 4, we draw th? phase diagram in temperature-
medium. ressure space summarizing our measurements for,gGeTe

Figure 2 displays a typical feature of the resistivityT) p(T) andM(T) at differer)t pressures allow us to identify the
showing the superconducting transition in Cefeat P short-range ferromagnetic ordering temperaflgg: and the
—5 kbar, wherep(T) starts to drop drasticélly all long-range ferromagnetic/antiferromagnetic ordering tem-

[l C

=2.7 K. The application of magnetic field suppresses the
resistivity drop, as expected for a superconducting transition.
From the onset of the superconducting transition, we have
determined the superconducting phase diagram shown in the
inset of Fig. 2. It is rather unusual that the upper critical field
Hco (~5 KG atT—0) is about an order smaller théh,,(0)
(~100 kG at 20 kbarof CeRhliny (Ref. 10 that has a simi-

lar T, (~2.1 K). We consider the low DOS of Celg
(Refs. 5,6 as the primary reason for such a sm#ll,. Then,

the relatively highT. with a low DOS indicates a different
pairing mechanism compared to CeRhiind other heavy
fermion superconductors.

A more conclusive evidence for SC is a diamagnetic sig- 2r .
nal below T., and thus we measured the magnetization
M (T) of CeTq g, for different pressures. Because the super-
conducting transition occurs just below the magnetic transi-
tion and the SC coexists with the magnetism beldbw a 0 2 4 8 8
diamagnetic signal associated with SC is quite small to be P (Kbar )
easily detected. Hence, we have first plotted the difference

AM  (=|Mzec—Mec|) between the zero-field-cooled g 4. various critical temperatures as a function of applied
(Mzrc) and field-cooled dataMrc) in the inset of Fig. 3,  pressure: the short-range ferromagnetic ordering temperatuse
showing a clear deviation from the linear-temperature+ne jong-range antiferromagnetic ordering temperaiie and the
dependent backgroundgg). This background is defined as superconducting transition temperatdie. Tsge and T, are deter-
an extrapolation of the magnetic hysteresisfT) below  mined fromp(T,P) data andl from M(T,P) data. The solid and
Tn. The main panel of Fig. 3 shows the normalized mag-dotted lines are guides for eyes.

T(K)
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peratureTy . The superconducting transition temperatlite  tween TMD and CeTg ; is that CeTe_ 5 hasf-orbital mo-

is determined fronp(T). The applied pressure slightly en- ments from Ce ions and these moments develop magnetic
hances botTsgrandTy over the whole region of measured orderings at low temperatuté and 4.3 K. There are experi-
pressure. The SC suddenly appears in the narrow region bgrents indicating possible interplay between CDW and mag-
low 2 kbar. The pressure-induced SC often occurs in heavjetic order in CeTe. 4, but the details are still uncleaAlso
fermion metals in the vicinity of AFM or FM quantum criti- e piezoelectric coupling is, in general, unlikely in metdls.
cality (QC: Ty or Tc—0 K)“and the normal state properties tqretore, the application of the pairing theory for TMD to
exhibit var_pus_dewaﬂons from_ Felrm|-l|qwd metal, s C"""ed'our case is not straightforward. However, on general grounds
non-Fermi-liquid (N.FL) bghawoﬁ However, for CeTes; e cpyy ordering and accompanying lattice modulation
there is no magnetic QC in our phase diagram and the SUPCLLouId create a new optical phonon mode, which then

conducting phase exists completely inside the magr]emc\:ouples to electrons in the Te layers. Hence, we speculate

phase. Also, the transport and magnetic properties show YRat the primary pairing interaction is mediated by phonons

NFL behavior. ; .
We examine possible theoretical scenarios for the SC irﬁor?;n%ratﬁ;vzi f)lfnrgr:zgr?ect:i.sm for SC. we can think of two
CeTa g, focusing on pairing interactions and pairing sym- effects. (1) In addition to the phonon pairing potential, the

metries. If the SC is mediated by magnetic fluctuations, th M fluctuations in the FM phase can contribute te-wave
phase diagram in Fig. 4 appears to be consistent with a F'\%inglet pairing!? (2) The tunneling data from Ref. 7 show

induced SC. This compared with an AFM-induced SC_thatth t the zero-bias conductance increases bdlgue, indi-
tends to appear near the boundary between magnetic a'?:ﬁing that DOS increases due to the magnetic ordering. As

nonmagnetic phases. Considering the ferromagnetic/ for the role of pressure, theaxis lattice distance is crucial to

antiferromagnetic ordering structuf€ig. 1), in which the .
main conducting Te sheet is sandwiched by two FM CeTedetermme the actual.. Because the overlap along tiee

layers and this FM sandwich structure is alternating its poaXiS 's so small(as one can see theaxis resistivity com-
o T X . ‘pared with the in-plane resistivitysmall displacement alon
larization along thec axis, it is quite plausible that the car- b b Iy b g

riers confined in the Te sheet interact by exchange of F he ¢ axis can produce large changes in the hybridization

fluctuations and form superconducting pairs. While the tra-, atrix element. Thus, we believe that the application of pres-
ditional idea for the FM-induced SC is a triplet and odd sure changes the interlayer coupling by reducingdiaxis

orbital pairing, recent theoretical studies suggest that sin Iel(flttice distance, as found in many other layered supercon-
pairing, 99 9'uctors such as TMD and highe superconductors* Fig-

;Vgsvﬁ i??(lerrlrr\]gir:: aarisi?n pgrStZﬁ'cl?séTgigr ?ugrlz/cla rp:j%:r\ilr_rwn t Sure 4 shows that the SC, coexisting with magnetism, abruptly
to degtermine the s mmeptr of the superconductin porder aappears all=2.7 K with pressures as low as 2 kbar. As
y y P 9 P anticipated from Fig. 4, we cannot rule out that the supercon-

rameter, the possibility of FM triplet pairing in Ceg has a ducti
) o : ucting phase appears sharply below 2 kbar.
couple of problems because of its sensitivity to disorder. The To 20?10Iude, S\?e report thpeysuperconducting transition at

sample displaying SC has Te vacancy-0f0%, and most of T.=2.7 K in CeTq g, under pressureR>2 kbar). ThisT,

this vacancy is believed to go into the Te sheets that are .
going to develop SC. Any triplet odd orbital pairing hardly IS remarkable to be high amoriglectron systems. Cefe,

survives in this much disorder. In addition, the pressure—dls’pl"’lys various collective states, CDW-£000 K), SRF

induced SC is observed only for a single crystal with (=6 K), and AFM (~4.3 K) at ambient pressure, and fi-

a . . ... nally it shows a SC transition fo6=0.18 under pressure.
=0.18 in CeTg_,. We have measured in-pressure reSIStIV'The ressure is required to become superconducting as a
ity of other single crystals witl#=0.15 and 0.13, and found P q P 9

. ) . . . _result of the interlayer coupling enhanced by decreasing the
almost identical magnetic properties but no SUpercondUCtm%terlayer distance along the axis. Combining available

transition. This indifference of SC to the magnetic properties : . .
and the extreme sensitivity to the Te vacancy suggest that tll(jezitﬁnagn?n%iﬁ;gr?}ggn; Vgﬁosnugﬁﬁéé?:&;?erm;%ry gg_ssmle
mggaggi‘z& is unlikely to be a primary source of SC PG anced by the FM fluctuations inside the magnetic ordering

i phase and the increased DOS due to the FM ordering. The

Frolmt tr}{ﬁ ffﬁs'tgg igege_?d?n;e otfliicl:afot?e COU|di_ unigue magnetic structure of antiferromagnetically alternat-
2?:;“ a‘tﬁ tr?e ce tal Iatt'caé@'ns tal(ﬁ't ?I')rqeoee' zt;\:sgg Ofing FM CeTe layers cancels the internal fields on the Te
wi rystal-iattice - Instabiiity. Xisten sheets, leading to SC.

CDW instability driven by the Fermi surface nesting is real-
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gapless CDW ordering, which couple with acoustic phonon$09424). Work at NHMFL was performed under the aus-
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