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Raman Scattering by Superconducting-Gap Excitations and Tbelr Couphng
to Charge-Density Waves

' R. Sooryakumar and M. V. Klein
Department of Physics and Materials Research Laboratory, University of lllinois at Urbana -Chammign.
Urbana, Nlinois 61801
(Received 24 March 1980)

2H-NbSe, undergoes a charge-density—wave (CDW) distortion at 33 K which induces
A and E Raman-active phonon modes. These are joined in the superconducting state at
2 K by new A and E Raman modes close in energy to the BCS gap 2A. Magnetic fields
suppress the intensity of the new modes and enhance that of the CDW-induced modes, thus
providing evidence of coupling between the superconducting-gap excitations and the CDW,

PACS numbers: 78.30.Er, 74.30.Gn, 74.70.Lp

Structural phase transitions involving charge-
density waves (CDW) in layered transition-metal
dichalcogenides have been studied extensively in
the last several years.! Neutron diffraction stud-
ies? on 2H-NbSe, show a transition from a nor-
mal lattice to one with a three—wave-vector in-
commensurate CDW at the onset temperature T,
of 33 K. The CDW is only a few percent out of
commensurability and the neutron data show that
it remains incommensurate down to 5 K. From
the modulus measurements of Barmatz, Testardi,
and DiSalvo® it is concluded that incommensura-

"bility persists at least to 1.3 K. 2H-NbSe, is a
highly anisotropic type-II superconductor below
7.2 K.* The upper critical fields at 2 K may be
estimated from published data* and are found to
be 105 and 42 kG for fields parallel and perpen-
dicular to the layers, respectively. Magnetore-
sistance studies on 2H-NbSe, have been carried
out by Morris, Coleman, and Bhandari.®

Figure 1 shows four pairs of Raman spectra
[(a)~(d)] from two different samples of 2H~-NbSe,,
M and B, at two different temperatures, 9 K (low-
er curves in each pair) and 2 K (upper curves)
for A and E Raman symmetries. The character-
istic CDW-induced amplitude modes (C) are riear
40 cm-'.* On‘cooling below 33 K, they first ap-
pear, then harden, and get stronger.” The main
purpose of this paper is to report that when the
sample is immersed in superfluid helium at 2 K
two new Raman-active modes are seen at 18 cm™!

"(A) and at 15 cm™? (E), close in energy to the
BCS gap at 2A. These are labeled G in Fig. 1. It
is also noted from this figure that the position of
these new peaks (G) is sample independent while
the position and strength of the CDW modes (C)
are sample dependent. This may be explained by
the work of Huntley® and Long, Bowen, and Lew-
is,® where it was shown that crystal growth tech-
niques have a small effect on superconductivity
whereas Hall-coefficient studies'® indicate that

defects and impurities inhibit the formation of
CDW'’s.

-From Figs. 1(c) and 1(d), where all curves
have the proper relative intensities, we find that
the CDW modes lose intensity when the new “gap”
modes appear. This direct coupling between
modes C and G is shown more dramatically in
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FIG. 1. Raman spectrum of samples M and B. The
lower curve of each pair [(a)~(d)] is at 9 K and the
upper at 2 K. Raman symmetries [polarizations) are
E l(xy)) and A [(xx) — (xy)). C labels CDW modes;

G, gap excitations; and I, the interlayer mode char-
acteristic of the 2H polytype. Incident laser beam at

5145 & and 30 mW power was spread into a line 40-50
pm wide. Light was incident at the pseudo Brewster
angle; the scattered light collected along the ¢ axis.
Resolution was 3 cm™!, Curves (a) and (b) were drawa
by hand while (c) and (d) represent a five-point s

" plot through original data points. The upper curves i
‘ the E spectra have been moved up by 20 counts/sec

while the A curves in (b) and (c) by 40 counts/sec. Th
9- and 2-K data for sample M in (a) and (b) are each
from the same run. The same is true for sample B,
with the addition that (c) and (d) have been normalized
with respect to the intensity of the A,, phonon at abodt
230 ecm”! (Ref. 7).
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BEFH%oEE p» S Femi x 2 Vv ¥—DF S Ep Bbh 3. Chhs Er =
30MeV ©4. %7 Fermi RETORBEE N = (100MeV)? bbh 3. %
h» oBFERFHEODH SIM D ¥ £ i LB X ionization energy T #K
 10MeV { 5WVWTH B LSBT0, TTLORF Y Y+ VORE
D=Er+I1=40MeV&is3. #27BCSoDgap FER*%:

1 = VNsinh~1(A/A)
EBLE, CotpesA—s -3 LEoRE
A~T

V=D/p
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loMev =1
CTTTTTTT ___I-f o Mev
I30Mev =D =D

| = NV SA"(ZJ-:) |
V= Dfy

N = 3p/35;  (WN~ loo Mev)
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IBM (Interacting Boson Model) & WH> Eigdbs b ¢, ChRESV5HEn
rn3 e, BEVWEFHOTOFEEVHEREREENRBRKEDZ <2 +
2RLETH, ThABKEREFOIO NV —RIIOKRTBEEF->TVET.
FhrBET LD b0 IBMBERTYT. |

ccwzomERrLEs. (Figh) chik75 7+ (Pt) oRFET, £’
EEKE, B %ﬁ??.c:?z*w¥—®z&—wmm&V®E§?¢ﬁ,
EBICENVAKESRAE Y. Arima-Jachello 0 IBM Eih ik T ht R¥ i
Rl TN 3.

> NY =12
a~ 3IMey
Figure 4
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EVWSHETEEATVED S, JINORS (PHORF Y v+ LORE)V
CRmEEE N OB VN=3D/8Er=1/2 £123. HLFIARBFESL,
TARBBEFESI LOMRTRHSEEERLTHEDET. bS5

A =1/sinh2 = 3MeV

LD ¥3. EPEOD pairing energy 2A B ZhED/PELT2MeV (50 TTH
¥, e order & LTIRA->TWA., & D& >%#%EXT nuclear pairing i3
BCSBME LTEANMBICH 2 EabhDET. |
RiGBERE O WT T, REFE M. Mukerjee 259 > 2 & & 24
Aok LT, 0 MENCHAOEESA LT 2 Y # o lachello H54E 51k

FiG. 8. An example of a spectrum with O(6) symmetry: 3¢Pt,,, (N = 6). The energy levels in the
theoretical spectrum are calculated using (3.7) with 4 = 171 keV, B/6 = 50keV, C = 10keV.
The experimental spectrum is taken-from Ref. [17].

from A.Arima and F.Iachello Ann.Phys. 123 (79) 468
Figure 5

#hi Fihiic it Gell-Mann-Okubo 0 AR EE IO M B X34, B/, F
0 yOEBIEMTAERBMLBART, BANAERCLESVT, BFHE
M 2 BHBRMEKEZRELLLDOTYT. EHRIAREPSLDbIhITY
TWwES. ¥4, BHRERKEOBFELELTRE Y2 D b0 (quadrupole) & 0
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DLDEERS, THLHHENAS. BOEQYELLTEI VI bOHBLER
MBLTWREThE, Thizt U6) oxdfrEicii-TWw3., L LKROEMY
THHEACDbhTEoRLBOXNFEIRY, BELBUEO-> EOEVWRS
BOWNE~NESE, WAANM chan S TE 3, EEIC LA chain T &3
~ % i, shell model 4 DB WTHA TS hEd. PtoBEGIcR
U(6) — O(6) — O(5) — O(3) ©%. < OB ® chain %{RE L T hicily
4% % 2ho Casimir operator K FKEPBTINSEELADES. <
O, ChHOoDEBRERIKASILICEDS. CHADLSKAEEGVE
TiHHhES, —FEABREIPOSHTL ZHEVIERDLLSTEV. £330
5D SRKEERE - -BHIZ, o, ENFRELRALEEL, VAN
LB AEL TV & & i Arima-Tachello BEFiE O hic b@d#itk b5 5 C
E— KV yHREER (B-B%) &7 =0 v (B-F%) BE L2AK
T, ALrSA—9—7, REBEL—2ERA/LALIE»STY. ERLOFE
% T2 Arima-Iachello Bz i3 BCS #3 * Ginzburg-Landau Bipic#H & L
EbDIEE>TWET. L

Bk R FREMLIE OB) 2EELT, Higgss DXF v v+ VEME-
T3, ALY 0 @ ¥ v v (Cooper pair) T & 3 & ThBHRNICWI T,
O(6) 5 O(5) ikEbH 3. Thictk->Trmode ¥ o mode AT 3 & EIFFICHK
Fob¥vry Txrn¥F¥—%bbrhoofic2:1: 0 oBAEMSELET.

1960 ER O ZB FH T omodel W3 bDMBHITLELAL., CTHRFY
veLTAV Y o (REYO, TAvREY)Eo(xEYOY, T4V 2¥
v1), 720 AV ELTHEFN=(p,n) X327 +—2 q¢=(u,d) (717 2
Ev1/2) 2E-kbDT, WbWBH 45 AaERlE SUQ2)L x SU(2)r%E S -
TWBH, CnHBAR SUQry EHATERAEND. {EL BCS BaH
SR LABEEEHN-T, 7abidy, ¥y v OMOBIERE XY v &
S LOBARKRUBIRLOLEELONADTZ = A A YOBBEXY YO
HEEOMIBFRIBTREDP L. LhL (0)=v iR v OB (7= p+v)
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OERLERDEIERENRD, WbW 3 Goldberger-Treiman @ BIF X % Bl
ZoEbTEZLR. ISR TONINVP=TVRETL Fe}"nman F4 ¥ 7
sahpsr—mr—N ORERBEHELNE L L.

FIHOBATLIAEALILER30TEH, RFHRHERERTT
5. BELI & » T phase shift 7213 7% ¢ iR V ic ILHIT 5 energy shift
pEF 5. EBic Feynman ¥4 ¥ 75 a2 LAabE B2 E, ThUADOEHK
ELTGYVP~N, $RLEEBEFOEELSHATE2ENHEIT. L2 b
HEDO= FY » 2 X% EY YD creation operator & annihilation operator T
#&X O(6) & 0(5) © Casimir operator DFIE XD, TN EFhOHKH SR
DEd. EBRBETFORBERILC L L, Bk Cooper pair DK &
XLEARBETHLCLEERLTCHERLBYARBESRVOTTH, &R
Bk IBMoX:2EHEATE: 4. BHic 06) & O5) nHOKE S BEEE
(~=1:1) &Rz &ir, O6) »5 OB) ~oRHEOBIBERENS S
CLERBELTVWREO>REDNE Y. SSRBTFEAV VY EOHWEAEMR
+hif O(6) & O(5) DB icBI¥ % spin-orbit coupling D & 3> WHEHHMTS. ¥
RbB72M1dvERY VERALLBUKREORREZEDLEEBENRS
h30TEHBTELETERHFRETRD D T EA. |

B#gIcR0E Lk, RRTFYECUHEO—FOMBERRRER O top-7 4 —
s Higgs RFOBBBE S>>, VW52, ThobLELET. MED LEP
OERT Z° 0BT ICHIE & h generation DN IMTH 2 EHFMILS
Nt WSHEHW=a—2BEboTVWEF. CThrSESEFLVWT -8
THIEHERCHBEINETHE, LrLEKRLEICtop BRARVWOR, top D
BREFHEUEcAKEVWALHTLE S, Fermilabo 7 —s ik X hifz 0 HER
WozhipRsweEXohTW3, tich(HEAR, WHBART =3
AYOBERNEEELETH-T, TOMIKR- &) LEKRAESZTVWEIKS
ABIE, KL ESP-TEOERENBTEZ0L, TACELZHER
ABBRALECASATVREWCETY., RELTRAELHPLTIIHODHERE
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HRELLV, R Fdoc et T, WikEsLd, BLOALLHNT- L
BRI THROLEHRESATVT, TOELRBEEVECHIRED T2, Hin
BELTREREBRALREWS B, e LTlopR EHBEHELL
WEEATVET. FORLTtop PHBRRELET ST, SORRTRESH
S BEVTHSI b5, DLERBEMNABESZ. 505 bREN T2
SEPD, BEAKVER - T HEW., BABHSHELSBARRRALD L
CARBRVWOTEYM, FIAEBCSHEANICEXNIE, Higgs ¥V Y b7 =
Nid vDpair Th D, %o collectivemode i XT3 bDTT. COERL
B> bDELT, WhW3EF7 =% 5—0OHKEMH 3. B\ technifermion
BEEL, Chdpair 27X LT Higgs o2k d 5. F_BREELT, C
® Higgs BEBDO 7 = v 3 4 v EBIIEERETE. T TT7 =1 4 Y WER
b2, ChBFr=n5—DEFNATTHE, LrL, BIIEBRERD S
A= RTER,

F 2 BRIE tumbling o BROEFIcEHLE LA, Bl xE L XS
tumbling ¢ W5 DX BCSEBBLEVWz 2 VW F—Lo5BVx R VF— TR P -
Tﬂﬁéﬁbﬁ$n6C&??bi, Chi2PHTRLD»OBCSHEELXRD D
EHBEILODE - EEXATHS. 20 HBDIC5| /145 - T Cooper pair H5
T35, $7-Higgs ¥V v HBTET, #hdBFILWI Ao b Eicixs. LiL
BYICH -5l NEHRELTETIFINRELLOTRAVAEVL S AIfEH
2212 Tah¢73. Higgs WERHSOELEOREERD AR WS, COkII
Z %7512 1960 £ ic Chew &\ 5 ANERL T bootstrap & W 5 & 2T 1
DT, iz C D% %8k L bootstrap symmetry breaking LA TWVWE T, &
BOICtop BEVEWI CERBIEEGERSBVEWS EZELDLYT. &F
hid top & Higgs o035 W, T3 h 5 top & Higgs P il l:»bootstrap
BT 5. - T Higgs iz top & antitop A8 pair &7 > THRASDTH S C
Lt B, $7%b b technifermion A LB WTRA BRI > TWB 7 = b 3
F YR THUAERENSCLETHET5DYTY. ThEE>RRT 5
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PEEL R DI TTE, —FF A - RIUBTRH, Higgs 0 H & 45 top O H
BoBre 2R3 bDEEISNSE. bb5A, CHREBENLBET,
2 i3 radiative correction /b 3 i1 ¥ T¢. B|E, W& A Miransky &
WHIABEL LS BTTFHRESATOVETY, CouBTi Higgs & top 0 E
g@&ﬁ(&éﬁboﬂ&&ﬁéﬁf??.hii?ﬁ*kﬁ%?ﬁ?;»i
4 v & Higgs 7213 2%k > TWicds, EEicid Weinberg-Salam BiF D thicid
F—UBERVLTWT, ¥—UBE7=n 1Y, ¥— Vil Higgs MK

{ERABH B0, TOBLLEAAMBAOHELH VT B, TOLDHEIRH

WHLEBICIRITEN, ThEFTELBOLAALTTEET.

&, AABEATVWAILRBCSHBOIPIR 7 VIA VPRV YOO
HELEREEHR T AV =X L0FXBRAMLEVWIETY. ThESSDL
20 i &AL L T quasi-supersymmetry LA TE 44, Chidd 2 BEK
HLTWE LT, #HxE67 quasi-supersymmetry %f’ﬁé:&b‘ﬂjﬂ&%. &l
#54, Higgs #4, gauge E& oM icBikbca T, HEBEXRE S, Thd
5LV, ChETrRASATVWE W Zo#ED» S top ¥ Higgs 0B
BEFEWMRS. £, CHEYTRESOMESBRIRADIFTRIEIZL,
%owo§h7=wsxy%aatamtuaﬁﬁﬁﬁa.cnmourm%'
D& BEHH i, Kobayashi-Maskawa © mass matrix s {i# i3k 7
hRELCDODILDIEA.

LhLEISACEBALAVWOTTY, BREBELTPEIREIERIAL
CEABR-THBD, top® Higgs BARRD I BIAVWKFELTHERWLE
BuwEx g,



