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Temperature dependence of the two-roton Raman spectrum of supéHleidias measured at pressures of
saturated vapor pressure, 8.80" Pa, 4.% 1C° Pa, and 1.98 1¢° Pa from the lowest temperature of 0.75 K
to temperatures above thepoint. The temperature dependence of both the spectral shape and intensity of the
two-roton peak has been found to be simulated well by a model, where the temperature effect is simply
broadening of the spectrum with small variation of the roton minimum energy. Spectral shape and peak height
at elevated temperatures have been found to be reproduced by convolution integrals of the spectrum at the
lowest temperature with Lorentzian functions which take into account the temperature broadening effect at
each temperature, where also small temperature dependence of the roton minimum energy had to be taken into
account in order to fit the spectrum position. The fact verifies that the Raman spectral shape of sufséefluid
does not change qualitatively at elevated temperatures and also even crossigdhme. By the model
analysis, temperature dependence of the roton minimum energy and the roton halfimidtee of the roton
lifetime) have been determined at each pressure as a function of temperature. The results have been compared
with theories[S0163-18208)09029-9

I. INTRODUCTION temperatures. In addition to the branch separation problem,
another question is whether the normal fluid part remains in
The dynamical structure factd®(q,,T) is one of the S(qg,w,T) observed for superfluid phase or not. And if it
central interests of superfluilHe. Most of the static and remains, the problem is how to estimate it and how to sub-
dynamical properties of superfluitHe can be explained by tract it. Woods and Svensson proposed a two-component
theoretical calculations based on the dispersion relation ofnodel that the one-phonon peak has a weight proportional to
elementary excitations and their interactidndAt the abso-  macroscopic superfluid densitys(T).® On the other hand,
lute zero of temperature, the structure factor has no widtfalbot et al. claimed the simple multiphonon subtraction

and is approximately written 4s model’ The work by Stirling and Glydereported different
behavior at different wave vectors. A theoretical interpreta-
S(q,w,0)=Z8(w—£(q))+ Sn(q, »,0). (1)  tion of their experimental results has been given by Glyde

and Griffin® Theoretically, Griffin proposed that Bose-
The first term on the right-hand side is the single excitatiorEinstein condensation does not cause a drastic change to
contribution and the second is the multiphonon term. If weS(q,w,T) and only abrupt narrowing is expected as we pass
scanZ8(w—¢e(q)) as a function of energyiw at a fixed  through thex temperature from abov@: The parameters of
momentunyiq, it is peaked at(q) with zero width.e(q) as  the elementary excitations, especially those of rotons, differ
the function ofq is the dispersion relation of elementary depending on what model we use for analysis. And, in spite
excitations. The second term, the multiphonon contributionpf those extensive experimental and theoretical studies, in-
is broad even at absolute zero. In order to understand thierpretation of the temperature dependenc&(af,w,T) ob-
properties of superfluidHe at an arbitrary temperatufe  served by neutron scattering is not conclusiver an exten-
based on the elementary excitations, the dispersion relatiogive review both on neutron and Raman scattering, we refer
at finite T must be known. However, to deduce the dispersiorthe readers to Griffin’s recent bodk.
relation at an arbitrary temperature from the observed Raman scattering from superfluitHe gives us informa-
S(g,w,T) is not a straightforward task. The single excitationtion complementary to neutron scattering. In a simplified
spectrum becomes markedly broad with an increase of tenmodel, the Raman spectrum of liquftHe at temperaturd
perature and it overlaps with the second multiphonon signalas a function of the energy shitw from the exciting laser
Besides the experimental separation problem, a conceptionat
issue exists.

Concerning the temperature dependence oS{ftigw, T), , , ,

considerable attentions have been paid by theorists and neu- R(“’vT)“f f t(@t(q')H(q,9",w,T)dgdq’,  (2)
tron experimentalists. One of the questions is, becausk the
transition of superfluid*He is associated with Bose-Einstein wheret(q) is called the light-helium coupling factor, which
condensation, whether the dynamical structure factois a factor to express how much an excitation with wave
changes qualitatively crossing thepoint or not® Another  vectorq contributes to Raman scattering(q,q’,,T) ex-
problem is that, because the dynamical structure factor hgsresses how the Raman spectrum is related to the dynamical
the two-branch structure, how to separate the singlestructure factoiS(q,w,T). In a simplified theoretical model,
excitation peak from the multiphonon branch at elevatedt is the convolution integral
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As mentioned above, temperature dependence of the dy- T=2.05 K

namical structure facto8(q,w,T) is directly observed by
neutron inelastic scattering. This equation shows that it can
also be studied by Raman scattering indirectly. Due to the
convolution integral of Eq(3), Raman peaks appear at en-
ergy shifts where the density of state is large. The density of
state diverges at the two-roton and two-maxon energies.
Then two peaks would be expected at these energy shifts. |
However, because the light-helium coupling factéq) is e Py By
very small at the two-maxon region, the only dominant peak i
in the Raman spectrum is the two-roton pé&akThis sim-

s T=245K

0.1

Intensity ( counts/sec )

plifies interpretation of the Raman spectrum. The purpose of 01 — e
this work is to measure the temperature dependence of Ra- 0 20 30
man spectrum at a few selected pressures, to clarify in which Energy shift (K)

model it is explained, and to derive the temperature depen-

dence t?_f roton parameters. fth d erfluid *He measured at the pressure of 40P Pa. The domi-
In this paper measurements of the temperature depe \ant peak is the two-roton Raman scattering. The instrumental full

dence of the Raman spectrum of liquitie at pressures of yigih at half maximum(FWHM) was 0.97 K. The width of the
saturated vapor pressuf8VP), 9.8x10* Pa, 4% 10° Pa,  wo-roton peak aff=0.75 K is determined by this instrumental
and 1.96< 10° Pa are reported. The results are analyzed by aidth. As temperature increases, broadening of the spectrum, de-

simple Lorentzian broadening model for temperature depercrease of the peak height and the shift of the peak maximum to
dence of the dynamical structure factor. From the modehigher energy shift are observed.

analysis of the experimental data, temperature dependences

?;;SI?SE}E;?%”?S;Q?SJEP? t%feg)rfggs are determined. Thos%umped liquid®He bath. Temperature was controlled with a

calibrated Ge resister within an accuracy D5 mK. He-
lium entered the cell through a small capillary tube after
Il. EXPERIMENTAL APPARATUS being filtered by traps at liquid Ntemperature and at liquid

4 - . - .
The schematic figure of the experimental optical system He temperature to eliminate dust or ice particles.

used in this experiment was shown in our preliminary
report* The incident light source was an argon-ion laser IIl. RESULTS AND DISCUSSION
(Nippon Electric Company model No. GLG3200perated '
at 514.5 nm with output power of 400 mW. Polarization of The results at 4.210° Pa are shown in Fig. 1 for tem-
the beam from the source was vertical. To determine th@eratures of 0.75, 1.75, 2.05, and 2.45 K, with an instrumen-
direction of polarization of the beam incident on the sampletal full width at half maximum(FWHM) of 0.97 K. At SVP,
arbitrarily, the polarization rotator and the polarizer weremeasurement above the point was difficult due to local
used. To reduce the tail of the central component at the twdsubbling in the sample cell. The set of data at>41®° Pa
roton Raman spectrum region, the direction of the incidentan show behavior both for superfluid and normal fluid. We
beam polarization was set horizontal during measurementnade preliminary reports of the results at this pressure at
The beam was focused into the cell with the lens, the focalT19 conference and in a review arti¢fe!® In this work,
length of which was 100 mm. The light scattered at rightmeasurements are extended to other pressures. At149
angles was gathered with the lens of f/3.7. The Dove prisnPa also, remeasurements and reanalysis have been made. The
adjusted the direction of the laser beam image to be paralleemperature of 0.75 K was the lowest in this series of mea-
to the direction of the inlet slit of the spectrometer. surements. The dominant asymmetrical peak is the two-roton
The double grating spectrometer was a JASCO CT1000]Raman scattering. The observed width of the peak was de-
type. The imaging photon detect@a Surface Sciences In- termined by the instrumental full width at half maximum
struments model 2601A typevas used for simultaneous de- (FWHM) at this temperature. The spectrum without instru-
tection of the whole spectrum imaged on the two-mental broadening would appear much narrower in its width
dimensional surface of outlet slit position of the and stronger in peak height. At 1.75 K, the liquid is in the
spectrometer. In order to calibrate weak nonlinearity in thesuperfluid phase but the spectrum is broadened, still keeping
energy shift versus position relation at the outlet slit positionthe feature of the spectrum at the lowest temperature. At 2.05
the rotational Raman spectral peaks gf&hd G, molecules K, the sample is in the superfluid phase nearXheansition
in air were observed, The accuracy of the energy shifts was and the spectrum is considerably broadened. At a tempera-
+0.06 cm 1. The observed signals were transferred to theure of 2.45 K above tha transition, the spectrum is almost
computer for analysis. featureless. The maximum of the peak is shifted to about 20
The Cu-Be sample cell was cooled with a recirculationK. The features of the temperature dependence are broaden-
type He cryostat. The cell mounted on the bottom of aing, the decrease of the peak maximum and the shift of the

FIG. 1. Temperature dependence of the Raman spectrum of su-
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FIG. 2. Temperature dependence of the Raman spectrum of su- FIG. 3. Temperature dependence of the Raman spectrum of su-
perfluid “He at SVP. The vertical scale is arbitrarily chosen so thatperfluid “He at the pressure of @810 Pa. The plot is similar to
the change of the spectral shape with temperature is clearly showkig. 2.
The dominant peak is the two-roton Raman scatteringajrat T
=0.8 K, the instrumental profile shown by the broken line deter-  The convolution integral of Eq3) enhances the part of
mines the spectral width of the peak. The instrumental full width atthe dynamical structure factor where the density of state is
half maximum was 0.8 K. The solid curves in the plds (c), and  high. The density of state of rotons diverge at the roton mini-
(d) are the best fit convolution integrgiEq. (10) in the tex{ of the mum energy according to E). This is the reason that the
spectrum(a) with Lorentzian functions. Parametef§ and 6Ao  {yq.roton Raman peak atA2, is the most dominant feature.
determined by the best fit are written for each plot. Due to this fact, Raman scattering is suited specifically for
_ _ _study of roton excitations.
apparent peak maximum to higher energy as temperature in- The Raman spectral feature in the energy shift region
creases. shown in Fig. 2a) is well understood except for small de-
The temperature dependences of the Raman spectrum gigis \wjith a suitable choice of the parameters, the Raman
shown in Figs. 2, 3, 4, and 5 for respective pressures of SVFgnacira| shape can be calculated from the dynamical structure
9.8x 10" Pa, 4. 10° and 1.96< 10° Pa. In these figures, actor using Eqs(2) and(3) with reasonable agreement with
vertical scale is normalized for convenience to see th%xperimenté‘;” although interactions between excitations
change of the spectral shape clearly. Temperature depeBfghty change detailed spectral features from those calcu-
dence of actual absolute intensity at different pressures aligieq from these equatiod. The asymmetrical spectral
similar to that shown in Fig. 1. Temperature dependence a§hape of the two-roton Raman peak is evident from the dis-
SVP was reported by Greytak and Ydrhe present data at persion relation of Eq(4). There is no state below/,
SVP is consistent with theirs. We will discuss the temperasyhich results in an abrupt decrease of the spectrum. The

ture dependence of the two-roton peak, which is dominant i, _roton states exist continuously abova g which con-

the spec_trum. . ! tribute to the shoulder feature abové @ Therefore, the
The dispersion of rotons i$ asymmetricity does not mean that some excitations other
than rotons are considerably contributing to the shoulder.
7%(q—0qo)®>  %%q—qol® ki=1 g<do The whole feature of the asymmetrical two-roton Raman
el@)=Ao+ 210 - 2uoki k=, =09, scattering near &, comes from the single dispersion rela-

(4) tion Eqg. (4). However Eq.(4) is valid only for limited mo-
mentum region neaqg. For larger momentums, the disper-
wheree,(q) is the roton energy), is the roton minimum  sion relation approaches the plateau. And, as the momentum
energy,qo is the roton momentum at the roton minimum, decreases front,, the dispersion relation approaches the
and u is the roton mass. The third term on the right is thelocal maximum; i.e., the maxon region. The Raman spectrum
cubic correction to the original Landau’s fotrby Bedell, near 28 K would observe the contribution from two-maxon
Pines, and FomiAThe dispersion is cutoff halfway between excitations. As mentioned in the Introduction, the two-
the maxon energy and the roton minimum. maxon peak is absent due to smtly) (Ref. 4 and also
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FIG. 4. Temperature dependence of the Raman spectrum of su- FIG. 5. Temperature dependence of the Raman spectrum of su-
perfluid “He at the pressure of 4910° Pa. The plot is similar to  perfluid *He at the pressure of 1.96L0° Pa. The plot is similar to
Fig. 2. Fig. 2. The two-roton peak is highly asymmetric at this pressure.

possibly due to interactions between maxhShe domi-  \hereI'(T) is the half width of a single roton. Then the
nance of the two-roton Raman scattering validates analyseiﬁ/namical structure fact®(q, »,T) at a finite temperaturg

in this paper. _ , is related t0S(q,,0) at absolute zero as
As mentioned in the Introduction, a few different models

have been proposed to interpret temperature dependence of o
S(q,w,T) measured by neutron inelastic scattering. Al- S(q,w,T)ZJ Llo—w'=6840,I')S(q,0",0)de’,
though we tried to analyze data using these models, we - ©6)
found that a simpler model can explain the present experi-

mental results. In Fig. 1, broadening of the spectrum at 1.7heresA, takes into account the variation of the roton mini-
K is mainly due to temperature broadening. We found thaimum energy with temperature. If we substitute Eg)j. for
the profile of the spectrum at the lower energy shift side ofgq. (3), the functionH(q,q’,,T) at a finite temperatur@
the two roton peak is fitted by a Lorentzian function. Thisis related toH(q,q’,w,0) at absolute zero as

fact suggests that the temperature broadening of the two-
roton spectrum is Lorentzian broadening. The Lorentzian
broadening is characteristic of the usual collision broadening
of the spectrum. The probability of collision of a two-roton
excited by incident laser with thermally excited rotons is XH(q,q",0",0)dw’. )
proportional to an infinitesimal time interval at a constant _ ) L

rate. In such a case, the time decay of the two roton is exBY Substituting this relation into Ed2), we get
ponential. The Fourier transform of an exponential time de-

cay process results in a Lorentzian spectral form in the fre- R(w,T)=J
guency domain. Therefore, the fact that the temperature

broadening of the two-roton Raman scattering is describe .
9 9 or the temperature broadening of the Raman spectrum.

by Lorentzian broadening is consistent with the picture b : : :
Landau-Khalatnikov that the lifetime of rotons is determinequuat'on(G) 'and th'.s relatlp n show that the Ra"?a” spectrum
broadens with a width twice that of the dynamical structure

by collisions with thermally excited rotorts. ctor
Therefore we take into account the temperature effect ofw : . , . . .
For the analysis over the wide energy shift region at vari-

st(ig{“;’E)Orgﬁgi;murnogggnreglon by a convolution integral ous temperatures, the effect of the Bose factor must be taken
into account’ The Bose factor for the Stokes component is
T (T) 1 [1+n(w)], where the uni'Fy corresponds to excitz_ations frpm
PRy (50  the ground state and(w) is due to thermally excited exci-
w+I7(T) tations. The Bose factor of the anti-Stokes component is

H(Q,q",0,T)= f L(w— o' —26A4,2T,)

[}

L(w— o' —28A¢,2I )R(e',0)dw’, (8)

L(w,T'(T))=
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n(w). The Bose distribution givea(w)=[exp/T)+1] "~ Three examples of fitting are shown in FigghR 2(c),

The higher the temperature is and the smaller the energgnd 2d) for three different temperatures at SVP. Figute) 2
shift is, the larger then(w) is. Examples of numerical esti- IS the Raman spectrum measured g¢= 0.8 K, which is the
mations are, at a temperature of 2i{w)=6.8<10 3 atan lowest temperature of this measurement. In Fi@)2the
energy shift ofo=10 K andn(w)=4.5x 10 ° at an energy Solid curve is obtained by the convolution integral of Eq.
shift of =20 K. The factorn(w) is practically negligible (10) with parameterd’,=0.20 K and5A,=0 K. The calcu-
compared with unity in the present experimental region. Inlated curve can reproduce the experimental spectrum very
this experiment, all measurements were done on the Stok&eell. In Fig. Zc), the solid curve is the calculated result with
component. Therefore, we set the Bose factor always equdl,=0.73 K and6A,= —0.20 K. In this case also, the calcu-
to unity in all the analysis. lated curve can reproduce experimental spectrum well. For

Other factors that might modify the relation of E§) are ~ measurement at 2.15 K, shown in Figdp a good fit was
interactions between elementary excitations. If the createdbserved with parametef§=2.58 K anddA,= —0.21 K.
two rotons interact, theoretical Raman spectrum cannot be Fittings to determind’, and 5A, are shown in Figs. 3, 4,
related to the dynamical structure factor in a simplified formand 5, respectively, for pressures of 2.80* Pa, 4.%10°
like Egs.(2) and(3).1% % The width of the two-roton bound Pa, and 1.98 1 Pa. In these figurega) is the data at the
state may not simply be equal to twice that of single roton. Inowest temperaturd,; and the broken curve is the instru-
fact, at very low temperatures, the two-roton bound statenental profile. The parameters used for fitting are written in
may decay directly into a phonon pair with same enéfgy. the figures.

However, at the elevated temperatures concerned here, this We note a small deviation of the experimental data points

decay is much slower compared with that due to collisions ofrom the calculated curve ifc) plot in the energy shift re-

a bound pair with thermally excited rotons. And also thegion larger than about 26 K in each figure. This region is no

early experiment, in which the temperature dependence dbnger the two-roton region. Raman spectrum of superfluid

the two-roton bound state was measured, revealed that tHtHe is composed of contributions of multiphonon processes
width of Raman scattering is twice the width of single with zero total momentum. As such processes, in addition to
roton® Then Eq.(8) is appropriate to estimate the single the two-roton process, two-maxon, three-roton, and other
roton widthI",(T) from Raman spectrum even for the inter- processes are also conceivable. The two-maxon region is
acting rotons. =28 K and the three-roton region {826 K at SVP. Tem-

In actual experiments, in addition to the temperatureperature broadening of these processes is different from that
broadening, the instrumental resolution function also broadef the two-roton peak. Therefore, we determine the adjust-
ens spectra. Let the instrumental profile functionf{gw),  able parameters by the best fit near the two-roton peak maxi-
which is shown by the dashed curve in Figa2 It was  mum and at its lower energy shift side, where contamination
determined by the line shape of the central component. Thby other multiphonon processes is negligible.
shape is not exactly Gaussian, but is approximated by it well. The temperature dependences of the roton minimum en-
Due to the instrumental broadening, the observed Ramaergy Ao(T) are plotted in Figs. @—6(d), respectively, for
spectrumR,pd @, T) becomes pressures of SVP, 9:810* Pa, 4.% 10° Pa, and 1.98 1¢°
Pa. The roton minimum energy decrease a little as the tem-
perature approaches thetransition temperature. Above the
transition temperature, it is nearly constant.

At all pressures, as shown in Figs. 2-5, the maximum of

At a low enough temperature, the temperature widtis ~ the experimental spectrum is observed at larger energy shift
negligibly smaller than the instrumental width. Then theas temperature increases. If we estimated the two-roton mini-
spectrum is broadened only by the latter. In Figa)2the  mum energy simply at the peak maximum of the experimen-
spectrum observed at 0.8 K is broadened practically only byal spectrum, we came to regard that the two-roton energy
the instrumental width, because the dashed curve of the irincreases as temperature increases. It is a misunderstanding.
strumental profile traces the experimental points near thé@he two-roton Raman peak is antisymmetrical. The convo-
peak maximum and at the lower energy shift side of the twdution integral of Eq.(10) measures the area of the spectrum
roton peak. We can seR,,{ w,00=R(w,0.8 K) for this  which overlaps with the Lorentzian function. For an antisym-
case. Let the lowest temperature be writteTggfor a series  metrical peak, the area is larger for the side which has a
of measurements at a pressure. Then, from Ejsand(9), stronger tail and the apparent peak maximum shifts toward
the observed spectrum at an arbitrary temperafuie this side as the Lorentzian width increases. This is the reason

that the experimental peak maximum shifts to higher energy
* as temperature increases, although actual roton minimum en-
Ropd @,T) = JO L(w—0'~268020Ropd @' Teddo'. g oo e g
(10) The temperature dependences of the roton half width
I'(T) are plotted in Figs. (&)—7(d), respectively, for pres-

This is the relation that we use for the analysis of oursures of SVP, 9.810* Pa, 4.% 10° Pa, and 1.98 1¢° Pa.
experimental data. We varied the widkh and §A, as ad- The change of the peak height with temperature is also
justable parameters to find the best fit of this calculated speaioted. The series of the spectra at>4HP Pa depicted in
tral shape to the experimental spectrum at each temperatur€ig. 1 shows how the absolute peak intensity changes with
The fit was judged near the peak and at the lower energiemperature. The peak height decreases with an increase of
shift tail of the two-roton peak. temperature. We tested whether this change of the peak

Robs(w,T)ZJj;P(w—w')R(w’,T)dw’. 9
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FIG. 6. Temperature dependence of the roton minimum energy FIG. 7. Temperature dependence of the roton half width of su-
of superfluid*He determined by Raman scattering(at SVP, (b) perfluid helium*He determined by Raman scattering(at SVP,
9.8x 10" Pa, (c) 4.9x10° Pa, and(d) 1.96x10° Pa.T, is thex  (b) 9.8x10* Pa,(c) 4.9x 10° Pa, andd) 1.96x 10° Pa. The lower
transition temperature. The solid curve is the best fit of @6) to temperature values were fitted to the LK theilye broken curve
determine the parametefs The dashed line is the upper limit of and to Eq(17) of the BPZ theorythe solid curvg¢to determine the
Ao(T) imposed by the stability condition of EqL2). The broken parameterB. The dashed curve in the pl¢d) is the theoretical
line in the plot(a) is the theoretical prediction by BR[Ref. 2. prediction by BPZ in Ref. 3.

height can be explained by the simple Lorentzian broadeningf all, we discuss the conceptional theory by Griffin that the
model. The Lorentzian function of E5) is normalized in  Bose condensatey(T) introduces qualitative difference in
the sense that integration of the function withgives unit.  S(q,,T) below the\ point. Various aspects of his theory
Let the half width of the spectrum at the lowest temperatureare summarized in his review artitteand also in his recent
i.e.,, T=0.75 K in the case of Fig. 1, bB;,s. At lower tem-  book!? Due to the existence of macroscopic condensate,
peratures wherd' (T)<I';,s, the convolution integral Eq. density fluctuations have two different components; one is
(10) does not change the spectrum shape as well as its pealssociated with the condensate and the other is not. The pair-
intensity. AsI',(T) becomes comparable wilh,s, the con-  correlation function of density fluctuationS(q,,T) is also
voluted spectrum starts broadening and the peak height dexpected to have two terms. Because the term associated
creases. At higher temperatures whéréT)>T;,s, I'(T) with the condensate exists only below theoint, an addi-
determines the spectral broadening and the peak height {®nal term or some qualitative change $iq,w,T) is ex-
inversely proportional to it. This is due to the fact that thepected at thex temperature. One of the experimental evi-
peak height of the Lorentzian, E¢5), at the maximum is dence was claimed by Wood and Svens%uo introduced
inversely proportional to th&(T). the two-fluid model ofS(q,w,T). They claimed that the su-
We estimated’(T) at an arbitrary temperature by draw- perfluid component ofS(q,w,T) disappears just at th&
ing a smooth curve through experimental points in Figspoint as we approach it from below, analyzing their neutron
7(a)—7(d). With these widths, the convolution integrals of data. However, as mentioned in the Introduction, a different
Eq. (10) were carried out to estimate the temperature deperinterpretation was also proposédThe question here is
dence of the peak height. The calculated peak height and thehether the temperature dependence of Raman spectrum in-
experimental peak height are compared in Figs)-83(d), dicates some effect of the Bose condensation or not.
respectively, for pressures of SVP, 8.80° Pa, 4.X 10° Pa, From the facts that the strong sharp two-roton peak is
and 1.96< 10° Pa. In these plots, the vertical axis is normal- only observed below the point as shown in Fig. 1, and also
ized so that calculated peak height is unity at 1 K. The calthat the shape of the temperature dependence of the peak
culation can reproduce the experimental change of the peaieight shown in Fig. 8 is similar to the order parameter be-
height very well. The agreement of the calculated and obhavior in a second-order phase transition, one may be
served peak heights are reasonable enough to validate tbempted to suppose that the strong two-roton peak might be
model analysis adopted here. associated with the dynamical structure factor of condensate
We compare the experimental results with theories. Firsorigin. However, the fact that the Raman spectral shapes at



PRB 58 TEMPERATURE DEPENDENCE OF THE TWO-ROTOD. . . 3357

[ ' ] o T 7 7 1 T
1 : (d) P=1.96x10°Pa L ® oulsssnnge | A
) —~ t %l
£ X {6
= o} ;
01 h
S e
0 == : : 5 | Ja~
I % ® Raman | E
& (this work) : 7
g o | . 412
. = neutron | -
Z = (ref. 23) : |
é% 0 0 ! b L% L1
=1 1 2 3
g Temperature ( K )

FIG. 9. Temperature dependence of the calculated roton fre-
quency at the pressure of 1.880° Pa. The dots are from Raman
scattering and the open circles are from neutron scattering. For

1 = ] details, see text.
(a) P=SVP
T, classical dynamics. The oscillation frequency decreases with
l an increase of the damping and reaches the critical damping

with zero oscillation frequency. Let us imagine that the har-
0 . \ J monic frequency be the roton enerdy(T) and the damping
1 2 3 be the width'(T). Although the roton minimum energy
Temperature (K) shows only weak temperature dependence as shown in Fig.
FIG. 8. Temperature dependence of the peak height of the two6’ because th_e W'?'th increases markedly as shown in Fig. 7,
roton Raman scattering &) SVP, (b) 9.8< 10* Pa, (c) 4.9x10°  the overdamping is expected at some temperature for roton
Pa, andd) 1.96< 10° Pa. The vertical axis is suitably scaled so that Propagations. SMS refers to the projection formalism to de-
the relative variation of the intensity is clearly displayed. The solidfine the roton(propagation frequencyw?, which is 14q,T)
curve is the calculated value by the convolution integral of (EQ). in their paper. Thew dependence o5(q,w,T) is not a
For details see text. Lorentzian in the projection formalism, but can be approxi-
mated with it near the peak position. Then the width param-
eterz, is approximately equal toI2(T) in this paper. The
foton frequencyw? is then expressed as

elevated temperatures are all well described by (EQ), as
shown in Figs. 2—5, means that there is no observable qual
tative change in Raman spectral shape attpeint. And the wP=[Ao(T)2—T2]12 (11)
result that the temperature dependence of the Raman peak ' 0 r-

height is explained only by the broadening of the spectrum at g\s made the experiment at a constant density which
all temperatures as depicted in Fig. 8, shows that there is Norresponds to the pressure of 1B Pa in this experi-
observable additional spectral component belowXitem-  ment. The roton frequency calculated with the equation for
perature. The sum rule, that the. total Raman cross section {§e Raman data is plotted with dots in Fig. 9 and compared
the same at all temperatures, is kept. The decrease of tRin the neutron result by SMS with open circles. The roton
peak height is only the result of spreading of the scatteringrequency obtained from the neutron experiment becomes
process over wider energy shift regions. We could find no,erg just at thex point, which is the claim by SMS. On the
trace of the two-fluid model d8(q, ,T) in our Raman data  contrary, the roton frequency calculated with the Raman-
within our experimental accuracy. . _ . scattering data remains finite even aboveXhmoint. It van-
The fact that we could detect neither any qualitativejshes at about 2.6 K, about 0.7 K above thepoint. The
change in spectral shape nor any quantitative change in thgfference comes from the difference in the value of the
total intensity at thex point in our Raman-scattering experi- \yidth T (T) near the\ point. The Raman value is about one

ment does not discard the possibility of Griffin’s concep-paji of the neutron value. Concerning the discrepancy, dis-
tional proposal that the Bose condensate aff&thw,T).  cussion is given below.

The condensate fraction is estimated to be less than'£0%. Bgefore discussion of the discrepancy, comparison with

Small fractional change (g, »,T) is more difficult to ob-  phenomenological theory by Bedel al. is given. Tempera-
serve in Raman scattering because it is second order ifyre dependence of the roton minimum energy was estimated
S(d,®,T) as shown in Eq(3). There still remains the pos- py Bedell, Pines, and FomiBPP developing the roton lig-
sibility of observing it with a more accurate Raman experi-iqg theory? Later, Bedell, Pines, and ZawadowsiBPZ)
ment. . . . extended the work with the pseudopotential theory.

Recent interpretation by Svensson, Montfrooij, and ysing the roton liquid theory, BPF derived a stability con-
Scheppe(SMS) on their neutron data is quite interesting in gition for the normal fluid density, which provides the in-

that they found disappearance of roton propagation just at thequality for the roton minimum energy
\ point?® A simple analogy with their interpretation is a

harmonic oscillator with damping, familiar in textbooks of Ao(T)>AH(0)—T. 12
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They pointed out that some experimental results derived TABLE I. Parameters to characterize the temperature depen-

from neutron experiments violate this inequality. The lowerdence of the roton minimum energy and the roton half width in the

limit for Ao(T) is shown by dashed lines in Figs(ap-6(d). expressions proposed by BPF and BfRefs. 2 and B For details

The inequality is satisfied by all the present data derivedee Eqs(15) and(16) in the text.

from Raman-scattering experiments.
BPF's result for temperature dependence of the roton en-  Pressure

ergy is (Pa A B C
SVP 10+ 3 43+ 3 0.0603
Ag(T)=A(0)+foN(T), 13
o(T)=20(0) +foNi(T) (13 9.8x 10 75+ 2 48+ 3 0.0603
whereN,(T) is the number of thermally excited rotons per 4.9x10° 18+ 2 40+ 3 0.0588
unit volume. Their estimation from the specific heat at con-  1.96x1¢° 3.8+2 46+ 3 0.0545

stant volume at SVP islf,=—9.67 K, whereN is the par-
ticle number density. The negative value fof leads to a
decrease of the roton minimum energy with an increase ofvidths show excellent agreement with the theoretical predic-
temperature. tion of the dashed curve in Fig(a). However, the experi-
The experimental parametEy(T) empirically introduced mental temperature dependence of the roton energy is about
in Eq. (5) can be equalized to the theoretically calculateda half of their prediction as shown in Fig(e with the
single-roton half width, which is the inverse of the roton broken curve, although the experimental errors are large. In
lifetime. It is determined by scattering of rotons by other Eg.(16), the cubic correctiol© T"?=0.085 & 2 K being only
thermally excited rotons in the temperature region concerned few percent, the magnitude of the temperature dependence
here. Such an effect was theoretically calculated by Landais determined mainly by the factdx. A fit of our data to Eq.
and Khalatnikov(LK) with Born approximatiort. BPZ ex-  (16) with fixed C=0.0603[the solid curve in Fig. @)]
tended the work with the pseudopotential théoapd ob-  yields A=10=+3, which is about half the BPZ estimation.

tained With theseA and C values, fitting of Eq(17) to our data at
o lower temperatures yield8= 43+ 3, which agrees with BPZ
OotoW estimation. However, the plot of E¢L7) with these param-
(M= —7—Nd(T), (14 eters deviates at a higher temperature region as shown by the
solid curve in Fig. 7a) due to weak temperature dependence
wherew is the scattering rate. of Ag(T).

The temperature dependences of both the roton minimum We estimated parametefsand B by the best fit of Eq.
energy and the roton half width are determined by the num¢16) and by a fit of Eq.(17) to data at low temperatures,
ber density of thermally excited rotons. Its temperature derespectively. The small cubic correction factorwas esti-
pendence was derived by BPFas mated following a BPF procedure from the neutron data of

Dietrich et al?* The results are listed in Table I. The calcu-

2qg [ (uokgT) 2 lated roton minimum energy and width with these results are
N(T)= 32| ta—p }(/—LOkBT)Uz compared with experimental data with solid curves in Figs. 6
(2m) ¥ and 7. If we use temperature dependence of the roton mini-
Ao(T) mum energy of t.he present experimental results to.esti.mate
X ;{— KaT ) (15  the roton width in the framework of BPZ, the estimation

yields weaker temperature dependence of the roton width at

where the constant=(27) Y4k, *+k, ) takes into ac- all pressures. .

count the cubic correctiofthe third term on the right of Eq.  In Fig. 7, deviations of experimental data from BPZ
(4)] to the roton dispersion curve. The original LK theory theory to larger values are noticeable. The deviation suggests
lacks this term. With this terml"(T) of the BPZ theory that a process which is not taken into account in their theory
takes values slightly larger than those of the LK theory adMight play a role additionally to decrease the lifetime of

temperature increases. rotons as we approach thepoint, while weak temperature
The above temperature dependences are parametricafigPendence of the roton energy suggests such a process
written as would not contribute to roton-roton interaction. Such a pro-
cess may also work above thepoint because we note an
Ao(T)=A0(0)—A(1+ CTY)TY2exp(— Ao(T)/T) increase of the width even above theoint to certain values

(16)  in Figs. 1b)—7(d).
Another theoretical work also suggests existence excita-
tions additional to rotons near thepoint. Reatto, Vitiello,

_ 121172 _ and Masserin(RVM) introduced the shadow function theo-
Fd(T)=B1+CTHTTexp(=Ao(T)/T), 17 retical method to calculate various quantities of superfluid
where the parameters, B, and C are numerical constants “He at finite temperatur€$.The method is very effective to
and the energies are measured in K. take into account higher-order correlations in density fluctua-

At SVP, BPZ estimated the parameters/as 24.72,B tions. For example, they obtained theoretical dynamical
=41.6, andC=0.0603. Their theoretical estimations with structure factors, which are in good agreement with experi-
these values are plotted in Figgapand 7a), respectively, ments in its pressure and temperature dependence. However,
for the roton minimum energy and the roton width. The rotonthe computed Bose condensate fraction is far from zero at the

and
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experimentah temperature. They pointed out that it suggestsnormal state apart from the point, the width observed by
some excitations other than rotons become important neareutron scattering is about twice as large as the correspond-
the \ point. ing width observed by Raman scattering.

Griffin claimed that the roton peak intensity 8{q,w,T) RVM explains as follows. In the presence of the super-
vanishes near the temperature, being replaced by a broadfluid velocity vs, the excitation energy (q) is modified as
particle-hole spectrum which characterizes the normaf(Q)’ =£/(d)+#vs q. In the presence of a statistical distri-
phaset2 And referring to our datd®%° he suggested that the bution of vortices, the energy of a roton becomes distributed
deviation of I',(T) from the LK theory is related to it and OVer larger and smaller values depending on the local value
that we cannot discuss tHe,(T) near the\ transition in  Of Usand on the direction af. This introduces an additional
terms of the “roton” width. However, the fact in this experi- Proadening mechanism which contributes to the dynamical
ment is that we can fit all the experimental spectra with Eqstructure factor measured by neutron scattering. For the case

(10) continuously up to above the temperature. And even of Raman scattering, a palr_of excitations are excited. Let the
) . . momentum of these excitations Qeandd,, then the Raman
concerning the neutron data, there are different interpret

. . . . . Shi = /+ — + + +
tions as discussed in the Introduction. For example, in SMS%:'ft gecazrs(glt)he ;g?ﬁ()entumsrt(rg%)sfeir(oazzhe ga(mgﬁanqé)rocess
. ; .

;zigrlth:,’[otrhke rrec:teJ;GSrct)gaaggc'zi\:)% é?(gsl?ltjif[pljgttg;te&?;uwoqs negligibly small compared with the roton momentum,
Apart from the conceptional discussion, only what we neechﬁ.%)zo' Therefore the effect of _the eX|stencelQ1f|s

i . . considerably small for Raman scattering compared with neu-
to solve the discrepancy phenomenologically is that we Call o1 scatterin
explain the deviation if there is some mechanism to increase RVM caICL?I;atedS( T) using the theoretical model
the roton width additional to roton-roton scattering. And in_ . . 9.0, g : L

which has the widtl" and the average superfluid velocity

fact there is a candidate as mentioned below. )

Williams pointed out, as the superfluid density decrease S adIUStaI;ble parame&er;. ng%/ us((jad rl:iaman_vgloelutn./g |t<
near thek point, energies of vortices decrease so that theyrolm IO l:r S ama_rll_-sc? Se\;llggT— 2883 KC 033)_01 925mA§10
are thermally excited. As the normal density decreases, voizo cU'ate (d,0,T) & T=2. andg=1. :

tex excitations come to dominate roton excitations to deter- heir _calculated result is in excellent agreement with neutron

mine properties of liquid'He near thex transition?’ experiments:® This consistently explains apparent discrep-

One of the interesting aspects of this view is that Vorticesangr);]ge\:lt(\;\ﬁ:;er;(e(zztijtt;ggnarr:]do(lj?grganRr\?'\sﬂulstgeor;;her(r)?]:?sr}nW|€[j(t)h.
may exist in critical fluctuations of superfluid density. Al- y P 9

though the average is zero, critical fluctuations in superfluiodescrlbe the dynamical .behaV|or 6f—|e near thex point,

density exist even above thepoint. This may explain the although a more extensive comparison of calculated results
continued increase of the roton width above Mgoint as with experiments are necessary to make a conclusive claim,
shown in Fig. 7 as they point out. We believe, together with the BPZ theory

RVM supported Williams's view of the vortex-induced for the relatively low-temperature region, a full phenomeno-

transition. One reason is that it lowers the transition temperaIoglcal clarification of dynamic correlations in superfluid

ture from that calculated in their shadow function method. ItaHe will become possible soon.
may solve the question why the calculated Bose condensate
fraction remains finite at the experimeniapoint.

Another reason is that they could explain the discrepancy We would like to thank to Professor M. Watabe and Pro-
between Raman and neutron data by the vortex excitatiofessor K. Nagai for valuable discussion. Thanks are also due
model. The roton widths depicted in Fig. 7 agree with neuto T. Akagi and H. Yamashita for their partial collaboration
tron results in those temperature regions where the BP#An experiments. This work is supported by the cryogenic
theory traces the experimental points. However nearxthe center of Hiroshima University and by a Grant-in-Aid for
point, the widths observed by neutron scattering are larg&cientific Research from the Ministry of Education, Science,
compared with those observed by Raman scattering. In thand Culture of Japan.
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