
PIIYSICAL REVIEW 8 VOLUME 23, NUMBER 7 1 APRlL l981

Raman scattering from superconducting gap excitations in the presence of a magnetic field
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We recently observed, using Ran)an sc;Ittering 'Is;I pr()be, the superconducting g;Ip excit;Ition

in 2II -NbSe&. This was seen by the 'Ippe'Ir'Ince ot two new R'Inl'In-'Ictlve nlodes ot ditferent

synlnletry 3 (18 cnl ) ai1d I.' (ll cnl ) when the siin)pie Is superconductlng. In this paper we

present t'urther experiment;Il det'Iils;Ind results th'It cont'irn& the theory ot' l3 Ilseiro;Ind 1"Ilicov,
which shows that the new anodes borrow their R'In&;In;Ictivity t'ron& low-lying ch;Irge-density-

wave (CDW) phonons. Evidence ot' this direct c()upling between superc()n&tucting electrons and

the CDW phonon is seen by the beh'Ivior ot' the niodes in 'I n)'Ignetic t'ietd. Such beh;Ivior ot'

the R'Iman spectrlI is expl'Iine(l in tern)s ot' 'I n)odel iI1volving 'I con)plex g;Ip. The (.'t't'ect ot' Iit'e-

tin&e broadening ol' the CDW phonon;Ind c()nsequences ot' v;Irying coupling strength 'Ire

presen ted.

Our recently published' experimental results and
the theoretical calculations2 of BalseIro and Falicov
on Raman scattering from the superconductor
2I/-NbSC2 highlight the importance of' coupling
between superconducting electrons and the charge-
densiiy-wave (COW) phonon. The superconducting
properties are observed by the appearance of' ncw
Ranlan-actlvc nlodcs of dlffcfcnt synlnlctf les 8 (18
cm ') and I.'(i5 cm ') when the sample is immersed
In supcffluid llellunl, Thc Raolan spcctfa f fool
2I/-NbSC~ with varying impurity contents presented
in Ret'. 3, showed experimentally, among ()ther
results, the necessity of' having a low. -lying Ranlan-
active phonon to couple the incident light to the su-
perconducting electrons. In this paper wc pre~Cot ex-
perimetal details and f'urther magnetic I'ield data that
clearly demonstrate the coupling between the new

peaks and the CDW phonoo. The behavior ot' thc
Raman spectra in an external t'ield is explaitied quali-
tattvcly In tcfnls of a slnlplc Alodel IAvolvtog a cool-
plex gap parameter. The ef'feet of' lif'ctime broaden-
ing of thc CDW phonon and cooscgucnccs of v'ifylng

the coupling strength are discussed.

I. EXPERIMENTAL DETAILS

It has been estimated that laser heating in the
transition metal dichalcogenides isapproximately 40
K f'or l00 A1W power. In order to ensure that
2//-NbScq is below its superconducting transition
temperature /; ot' 7 K, 30 mW ot' incident power is

spread (and not focused to a spot) on the sample
which is imnlersed in supcrfluid heliulll. Cooling the
sample by f'lowing cold helium gas is Insuf'f'icicnt to
maintain it superconducting. Duc to experimental

restrictions, we werc;ihle to vary thc tenlpcr;iturc hy

only 0.5 K, between l.6;ind 2. l K;ind still ensure 'I

local sanlplc tcnlpcfatule less than /, In lhls llnllted
temperature r;iogc the v;iluc of the energy g;ip should
change hy;ihout 4%, i.c., I --cm ' shit't in 2h, . I:x-
perinlenl illy we c()uld o()l observe;iny ch ingc io lhc
peak position within this 0.5-K range. The only ()ther

convenient, tcchnt(luc avalfahlc to vary thc B(...S.
gap and hence to cont'irnl the involvement ()t' super-
conductivity with lhc ncw pc'iks was lo 'ipply 'I nl'ig-

nctic f'ield.

1 he nlagneiic t'ield dcpendcol data werc ()htaioe(. f

Using 'I spill-coll sUpcfcoodUctlog nl'igocl t f()A1

American Magnetics Incorporated (AM I No. l0236).
Owing to thc r'ipid quenching ot' the gap nlodcs, the
A1axIA1uol field ()f 42 k(.J pl'oduce(t hy this sysfeol
w'Is;Idcquatc, I lowcver, ()oe () f' the nl'iin dr;iwh'ick»
()f' the system wis thit it c()uld he ()pcratcd only it 2

K. I hc nlagnct coll iissenl hly al n(l sanl pic wefe Io thc
sanlc chanlhcf ()f thc cfyost'll. I I'ivlng to nlaintain
thc nlagnct coll ln li(IUId hcllulll f()fccd thc sanlplc to
;ilso he at this tcnlpcr'iturc. The diameter ()f the
olagncl hore w is 0.5 in. This resulted io ao cf'f'ective

solid «nglc which was about halt' of that obtained
without the nlagoct c()il, Ilcnce, thc signal-to-noise
ratio f'or runs done with thc niagnct werc snl;ilier
than th'it fr()nl standard j inis cryostats.

Thc runs with the nlagnctic f'ield were conducted
with thc sanlple in two ()ricnt'itiolls. ln onc ()I lenl'I-

tion, the sample layers were parallel lo the magnetic
t'ield and in the other they were perpendicular. The
parallel ()ricotali()n had the san1plc at the cnd ()t' 'in

insert with its layers vertical. The scattered light w;I»

collected along the ( axis. I hc case with the l iycr»
pcfpcndlculaf to thc field Is nlofc tf Icky. I hc laycls
are now horizontal. Thc inclastically sc;ittcrcd beam
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FIG. l. Position of sample with respect to magnet t'or

magnetic fields parallel and perpendicular to layers.

is again collected along the ~'axis. In order to get
this signal to the monochromator, a mirror at 4S to
the vertical ls placed ln the center of the magnet
bore. The two orientations of' the sample are illus-

trated in Fig. 1. The mirror which is used to reflect
the signal is glued to a TCAOA tube which has one
edge sliced at 45'. Two small spring clamps are
fastened to the side of the Teflon tube to ensure the
mirror stays in position when the cryostat is cold.
The strength of' the magnetic field at the center of
thc bole ls dctclmlAcd from thc value of thc charging
current.

A typical Raman run in either of these configura-
tions was made up as follows: The run was started at
about 8 cm ' with 0.5-cm I steps and 30-sec dwell

time. The resoiution was 3 cm '. (XX) and (XY)
polarization spectra were taken with the aid of the
Polaroid rotator. Atter scanning through to about 60
cm I the monochromator was advanced to 220 cm '.
One wave-number steps at 20 scc/point were then
used to scan through the 3 phonon used for normali-
zation. Thc digitized data werc then used to obtain
thc spectra on the computer. All runs mere normal-
ized with respect to the phonon at 234 cm '. A
five-point computer smoothing was carried out for all

curves.

A Spectrum H J Layers

IO

—--- l5 8 kG

20 50 40
RAMA~ SHiFT (cm-')

from published data and were f'ound to be 105 and
40 kG at T 2.50 K f'or f'ields parallel and perpendic-
ular to the layers, respectively. For 2)I -NbSC2, II, . I,
is a f'ew hundred gauss. ~

Figures 2—5 show the results obtained f'or A and I.'

symmetries and different sample orientations with

respect to the magnetic I'ield. All curves have been
normalized with respect to the energy of the 3 I,, phn-

Aon at 234 cm '.
The A spectrum in Fig. 2 has two f'eatures. A

CD%-induced mode at about 36 cm ' and the gap
peak at 18 cm . As II increases the latter loses
strength while the CD%' mode is seen to recover. It
ls diff lcult t.o BsslgA Any movcrncAt to the posltlon of
the 18-cm ' mode. The new A mode seems to he

completely suppressed by a magnetic f'ield of' about
14 ko in this conf'iguration, i.e., a third of' the upper
critical f'ield of 42 kG at this temperature. Thi» f'igure

does clearly show that the new peak is strongly af'-

fected by a magnetic f'ield. Furthermore, its Raman
activity is seen to be coupled to that of' the CD%
mode.

%e find that the quantity

5 = Jt l (ao) ru rlo)

is a constant to within +7'Yi~ when H varies over the
range in Fig. 2. Here l(co) is the number of counts
at freqeuncy eo after a common background for all

curves has been removed. If there were direct Ra-
man coupling to the gap excitations, there would be a
magnetic field-dependent contribution to S. On the
other hand, if the on)y Raman coupling were to the

The data with a magnetic field were taken on sam-
ple 8.' The upper critical fields may be estimated

FKJ. 2. A-symmetry Raman spectra from sample 8 car-
ried out with magnetic field perpendicular to layers. The
cUrves represent a 5-point computer smoothing of the data.
All curves have been normalized with respect to the A lg
phonon at 234 cm '.
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FIG. 3. A-symmetry Raman spectra from sample Bcar-
ried out with magnetic field parallel to layers. The curves
represent a 5-point computer smoothing of the data. All
curves have been normalized with respect to thc A &g pho-
non at 234 crn '.
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FIG. 5. E-symmetry Raman spectra from sample Bcar-
ried out with magnetic field parallel to layers. The solid
curve represents a 5-point computer smoothing of the data.
All curves have been normalized with respect to the A l,,
phonon at 234 cm . G: new mode; C:,CD% mode'„ I: in-
tcrlayer mode; and 8: scattering from superfluid helium.
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FIG. 4. E-symmetry Raman spectra from sample 8 car-
ried out with magnetic field perpendicular to layers. The
solid curves represent a 5-point computer smoothing of the
data, The dashed line takes account of the larger Rayleigh
scattering in that particular run. All curves have been nor-
malized with respect to thc A&g phonon at 234 cm G:
new mode; C: CD%-induced mode; /: interlayer mode;
and 8: scattering from superfluid helium.

CD%' via a term of the form

H~g =g M

and if the forces acting on thc phonon coordinate u
were velocity independent then 5 would be proportion-
ai to IX'I', and would be independent of any coupling
of phonon coordinate u to other coordinates, includ-
ing those of the supcrconducting gap excitations. '
These are reasonable assumptions; we tentatively
conclude that the independenceof 5 from II means
that thc gap excitations acquirc their Raman activity
from the CD% phonons.

Figure 3 shows the similar spectrum with sample
oriented with its layers parallel to the magnetic field.
With a higher crictical field of 10S ko in this orienta-
tion we again find that the new peak at 18 cm ' is
eliminated by a value of H equal to one third of H, .2I~.

Thc F. spectrum corresponding to H being perpen-
dicular to the layers is sho~n in Fig. 4. Thc special
features of this spectrum have been labeled 8, C, 6,
and /. Peak 6 is the new peak induced by supercon-
ductivity. As 0 increases this peak appears to soften
and its integrated intensity drops. Peak I is the "in-
terlayer mode" and is not affected by the supercon-
ductivity or the magnetic field. On increasing the
fields to higher values wc observe a residual peak 8
at (13.4 +0.4) cm . This is attributed to scattering
from superfluid helium. Its position agrees with the
helium results of Greytak and Yan. Peak C is a
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The spectral function S(q cd) which is the quantity that one measures in a Raman experiment is given at T =0 hy

S(qcd) =21mD(qcd) (3)

Thus, for co )-2b, we have

S(0cd) =,

c

8g'p(0)cdph'm

~(~2 4g2)1/2

16g'p(0) 6'cdp, (cd' —452) t~~
cd' —

cdp
——. . . , tanh ' 8g'p(0) lL'cdp

2 t]2 +2y~
cd(cd —4h )

(4)

and for ~&26,

S(0cd) =, 4 cdp ( 2 p cd )

16g2p(0) b 2cdp

cd(452 —cd )'~ (4& —cd )'~

For ~0=36 cm ', 25=23 cm-t g2p=0. 1fo)0=3.6
cm ', and 2y =20 cm ' Fig. 7 shows the theoretical
spectral function which should be compared to the 3
symmetry experimental result. " For this "bare" gap
value of 23 cm ', the theoretical CDW peak is cen-
tered around 40 cm ' and gap mode peaks at 18.5
cm '. This curve is very similar to the result ob-
tained for inhomgeneous broadening in Ref. 2. Us-

ing a "bare" gap value of 18 cm ' for the E spectrum
and the same coupling constant of 0.1tcoo, Fig. 8 was

obtained for the theoretical E spectrum. This curve
compares fairly well to the experimental result. "

Thus assuming the same g'p coupling constant
value for the 3 and E symmetries we obtain a sym-

metry dependent "bare" BCS energy gap of

2k& =18 cm '
. ,

I

and

2b& =23 cm '

On the other hand if one assumes the gap is sym-
metry independent the observed difference in gap
mode frequencies implies that the coupling strength
will be different for the A and E modes. In particular
(g'p)~ & (g'p)~

These results highlight the advantages of the tech-
nique of Raman scattering. The good energy resolu-
tion enables one to measure such small anisotropies.
This is not possible by standard tunneling and in-

frared techniques.
Figures 9 and 1,0 show the result of increasing the

lifetime broadening of the CDW phonon. The
theoretical curves predict almost no shift in the posi-
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FIG. 7. Effect of lifetime broadening of CDW phonon.
The following parameters were used for thy A spectrum,
coo=36 cm ', 25=23 cm ', g2p=0. 1hco0=3.6 cm ', and

2y =20 cm . 6: "gap" mode; C: CDW mode.

FIG. 8. Effect of lifetime broadening of CDW phonon.
The following parameters were used for the E spectrum.
0)0=44 cm, 26=18 cm ', g p=0. 1hao0=4. 4 cm
2y=20cm '. 6: "gap" model; C: CDW mode.
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0.50

~ 0.25

tion of the peaks, though the line shape of the ne~
gap modes change. A more general, frequency-
dcpcAdcAt coupling coAst8nt h8s to bc coAs1dcrcd for
8 dct81lcd 808lys1S.

C. Coupling-strength effects

Thc cffcct of Incrcaslng thc couplIAg strength
between the phonon and the gap peaks is sho~n in

Figs. II and I2. One would expect the gap modes to
soften as g2p is increased and if the coupling to the
clcctrons }s stroAg cAOUgh thc bound-state frcqucncy
should become imaginary. This results in the crystal
bccoming Unstable against spontaneous lattice distor-

FIG. l I. Effect of increasing coupling strength between
CD% phonon and superconducting electrons. Curves shoe
effect on new gap mode for values of g2p(0)/k~0 = R =0.1,
0,2, 0.27, and 0.32.

tIOAS I.c 8 phase transformatIon shoUM occuUr.

hIs, ho%ever, Is Aot sccA ln Flg. II bccausc the g8p
mode becomes overdamped. As the coupling in-
creases from O. l to about 0,25hcuo thc peak softens
8nd gaIAS Intensity. On further 1Acre8slng thc coU-
pling beyond this value, the intensity begins to drop
and the peak (not the actual gap mode frequency) is
sccA to actUally harden. GA 1ncrcasIAg thc couplIAg,
the CD% phonon is scen to become stiffer and its in-
tegrated intensity decreases (see Fig. 12).

FIG. IG.. Effect of increasing lifetime broadening of CD%
Con new mode G.

FIG. 12, Effect of increasing coupling strength behveen
CD% phonon C and superconducting electrons. Curves
show effect on C for values of g2p(0) jhao = R =0.I, 0.2,
0.27, and 0.32, and 0.5.
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An exact calculation of the coupling strength in our
ease would be colTlplicated by the rather complex
Fermi surface in 2H-NbSC2. Moreover, for charge-
density-wave phonons, the Fermi surface that is most
important depends on the amount of "nesting. "
This is not well known. '2 The present theory breaks
down for coupling strengths g'p(0) greater than
0.25A~p, i.e., =10 cm ', for the following reason:
The theory assumes a weakly coupled superconductor
where [g'p(0)]/(lrr»o) -R = —,

'
to —,'. (Pb and Hg,

which are strongly coupled superconductors, have
[g'p(0) l/(irido) greater than 1.}

with

Ii(0, o)) =g'p(0)/t I

dZ 1
-" (S'+Z')'" (Z —Zo)(Z+Zo)

We again calculate II(0, r») in the two regions r» ) 2A

and ~ & 2A and obtain the spectral function from
Eqs. (2) and (3).

D. Effect of magnetic fields

2H-NbSC2 is a highly anisotropic material. The
penetration depths h. and coherence lengths g have
different values parallel and perpendicular to the
layers. These values are reproduced below from Ref. 6

0 0
go=77 A, (,=23 A,

0 0
A,[[=690 A, A.g =2300 A

Duc to thc mctalllc n8turc of thc s8mplcs, thc sklA
0

depth 8 in these samplds is only 300 A. Comparing
with the values of A., we see that A. ][ q & 8. Hence to
some extent, in light-scattering experiments in a

magnetic field the samples may behave as thin films.
2H-NbSC2 which is also a type-II superconductor

exhibits the characteristic vortex regime, In this

phase, the order parameter will not be a constant but
vary spatially. As the external field increases, the
dcnslty of voltlccs lncl'c8scs until at H, .2 thc sample
becomes normal. Type II materials behave different-
ly in external fields depending on whether //g & & 1

where l is the electron mean free path. Trey et a/. ,
6

in their measurements of the temperature and angu-
lar dependence of H, 2 find that due to the strong an-

isotropy of the Fermi. surface, experimentally,
2H-NbSC2 does not fall clearly into either category.

The effect of magnetic impurities on an electronic
system has been treated by Skalski et a/, 13 By consid-
ering a complex gap 5 and complex frequency ao to
take account of the magnetic effects, they calculate
the self-energy of the system.

Wc extend this concept of a complex gap to explain
our data in a magnetic field and replace 4 by
4 = 6+i I . The magnetic field effects arc introduced
through I. Wc have chosen the simplest form for
I —it being frequency independent. Further, in Eq.

(1) we approximate Xz by p(0) Jl dgx where p(0)
. ls thc density of states 8t thc Fermi surf8cc. Thus

II(0. ru) =g'p(0)&

Zp2

2~/ 2 M 2.Zpln--
Zo ~Zp, +2Zp

Writing Zp =- fe @ glvcs

2e '»':
t 2r»r stn@

im —tan '
O)f 4f —012

'I

+ 4o»r cosf +4r+ —ln
co2 4o»r cos$—+4r

Thus dcflrllAg

2o»r singC=m —tan '—
4f

r»2+4&»r cosP+4r2
co2 4&or co—s@+4r~

F'=Rel = (—cos@lnD + C sin@)
COf

E =Iml =—(C cosQ ——sing lnD)r 2 1

Opf 2

—251= —tan
'/4 —&'+ 1.

1.C.s

II(0, r») =g'p(0) h. (F'+ iE')

II(0, r») =g'p(0)(F +iE)

I has two first order poles at + Zp and branch cuts at
+i h. By carrying out the integral for I, we have

(6)
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and

g = [g'(g —I' ) +25 I'F'J

Thus, the spectral function given by Eq. (3) is

4(dp[2y0) + 2(dpF ]
S(~)

(~ —~o —2~oF ) + (2y&o+2cooE) 2
(7)

2. 0) C2k

D= oo'+4~r sinQ+4r
re~ 4cor sing—+4r~

(8)

(9)

F.
' = (—C sing+ —, cos$ lnD)

o)f
(10)

F' = (C cos$+ —, sing lnD)
o)f

and

(12)

Again, S(co) is given by Eq. (7).
Figure 13 shows the result of plotting Eq. (7) in re-

gions o) & 24 and o) (24. The effect of increasing

I, the imaginary part of the energy gap is also shown.

0.5—

For frequencies less than 24, C, D, E', and F' are
replaced by

1 't

2r cosP, 2r cosPC=+ —++tan ' . +tan '
~ —2r sin cu + 2r sin

The parameters used in these graphs are

o)p=44 cm '

g'p =0.1o)p=4. 4 cm '

b, =9 cm '

and V has values of —,—, , 1, and 2 cm '. This set of1 1

values was chosen for the parameters to approach the
E spectrum results. The theoretical curves have the
following features: (1) The new gap modes are seen
to decrease in strength rapidly when I increases.
There is no shift in the peak position. This agrees
closely with the experimental results (Fig. 6). (2)
The discontinuity at o) =26 which is present when 6
is real has been removed. (3) When I' gets larger,
the CDW phonon is seen to soften by a very small
amount.

The Raman intensity lost at the gap modes as I in-

creases is apparently redistributed between approxi-
mately 18 and 35 cm '. The shift in the positions of
C, which is rather small, is not apparent from the ex-
perimental results. This could be due to the resolu-
tion used in the experiment and the limited signal-
to-noise ratio.

Figure 14 shows similar theoretical curves for the
A spectrum with b, =11.5 cm '. Theoretically, the
peak height of the CDW mode in the A spectrum is
smaller than the mode 6. This is not so experimen-
tally. A more detailed frequency-dependent coupling
strength is probably required to cause experiment and
theory to agree on this aspect. When I" =0, we get
back the results obtained for real A.

We thus see that the concept of an imaginary gap
qualitatively explains most of the experimental
results. Considering the simplicity of the model

0.5—

O

Xl

tI)

OP

C'

lfJ

C

1
O

0

Vl
C

0-
0 IO 20 30 40

Raman Shift (cm )

50 60
0
0 [0 20 50 40 50 60

Raman Shift (cm J )

70 80

FIG. 13. Effect of increasing I, the imaginary part of the

gap. The parameters used were 0)p=44 cm ', g p
=0.Ihip=4. 4 cm, 26, =18 cm . The parameters were

1
chosen to approach the E spectrum results of Fig. 6. I = —„,

1

2, 1, and 2cm

FIG. 14. Effect of increasing I, the imaginary part
of the gap, The parameters used were 0)p =36 cm ',
g p=0.1tcop=3.6 cm ', 25=23 cm '. The parameters
were chosen to approach the A spectrum results of Fig. 2.
I = —,1, 2, 3, and4cm 1.1
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used, the agreement between theory and experiment
is good. In conclusion, thc experiments and theory
clearly show the di~ect coupling between the CD%
phonon and superconductivity electrons. The com-
plex gap model explains qualitatively thc behavior of
the Raman modes in a magnetic field. Moreover, the
discontinuous behavior of the theoretical curve at 2d
when 5 is real, is t'emovcd when a small imaginary

part is added to the gap. This suggests the possibility
of a spin-dependent coupling between the CD%' and

superconducting electrons.
Improvements to the theory presented are certainly

possible. A more detailed theory should also consid-
er the properties of thc CD% to a greater extent.
For instance since only electrons near a "nested"
Fermi surface are affected by a CD%', the Fermi sur-

face anisotropy is important. This would result in a

morc complex coupling between the electrons and

phonon than that presented. Hence both the CD%
and superconducting interactions should be included
in the Hamiltonian.

Improvements in the theory for the results in a
magnetic field can also be made. %e have con-
sidered thc simplest case of d = 5+i I, ~here I is
frequency independent. By considering proper fre-
quency dependence as suggested in Ref. 13 better
agreements in the line shapes may perhaps be ob-
tained.
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