¢ Brookhaven

National Laboratory
BNL-225599-2024-JAAM

GRP-NES-47

Breakdown of sound in superfluid helium

M. D. Nichitiu, I. A. Zaliznyak

To be published in "Physical Review B"

February 2024

Condensed Matter Physics and Materials Science Department

Brookhaven National Laboratory

U.S. Department of Energy
USDOE Office of Science (SC), Basic Energy Sciences (BES)

Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under Contract
No.DE-SC0012704 with the U.S. Department of Energy. The publisher by accepting the manuscript for publication
acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to
publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government

purposes.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or any
third party’s use or the results of such use of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



Breakdown of sound in superfluid helium

Marc D. Nichitiu

,! Craig Brown

2 and Igor A. Zaliznyak &[]

YCondensed Matter Physics and Materials Science Division,
Brookhaven National Laboratory, Upton, NY 11973, USA
INIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, MD 20899, USA
(Dated: October 17, 2023)

Like elementary particles carry energy and momentum in the Universe, quasiparticles are the elementary
carriers of energy and momentum quanta in condensed matter. And, like elementary particles, under certain
conditions quasiparticles can be unstable and decay, emitting pairs of less energetic ones. Pitaevskii [1} 2] pro-
posed that such processes exist in superfluid helium [3]], a quantum fluid where the very concept of quasiparticles
was borne by Landau and which provided the first spectacular triumph of that concept [4H6]. Pitaevskii’s decays
have important consequences, including possible breakdown of a quasiparticle [7]. Here, we present neutron
scattering experiments, which provide evidence that such decays explain the collapsing life-time (strong damp-
ing) of higher-energy phonon-roton sound-wave quasiparticles in superfluid helium. This damping develops
when helium is pressurized towards crystallization, or warmed towards approaching the superfluid transition.
Our results resolve a number of puzzles raised by previous experiments and reveal the ubiquity of quasiparticle
decays and their importance for understanding quantum matter.

The quasiparticle concept is a cornerstone of our under-
standing of many-body atomic systems that make up mate-
rials around us. Heat, sound, electric current, and their inter-
conversion in materials which underpin a broad range of tech-
nologies, can all be understood as being carried by elementary
excitations, the quasiparticles. These elementary excitations
were devised by Landau to describe the properties of super-
fluid helium isotope “He, a quantum liquid with zero viscos-
ity which can flow without any friction [3], and led to a tri-
umph in our understanding of quantum condensed matter [4-
6]. By postulating the energy-momentum relation, €(Q), of
phonon-roton quasiparticles — sound waves carrying energy
and momentum in superfluid *He, Landau very accurately ex-
plained essentially all of its experimentally observed proper-
ties (Q = p/h is the wave vector of the corresponding wave
with wavelength A = 27/Q, p is momentum, £ is Plank’s
constant). For quasiparticles, thlS e(Q dlspers1on replaces
the famous Einstein’s relation, €(p) = /(pc)? + (mc?)? (c
is velocity of light and m is the part1cle mass at rest), or its
non-relativistic Newtonian version, €(p) = p?/2m, which de-
scribe elementary particles.

A detailed theory of viscosity behavior in superfluid he-
lium was subsequently developed by Landau and Khalatnikov
(LK) based upon the idea that transport phenomena can be
described in terms of collisions between the quasiparticles,
which form a nearly ideal gas [8, 9]. The resulting phonon-
roton transport theory provided very good agreement with the
experimental values of the viscosity coefficient at low temper-
atures. A notable deviation observed in a temperature region
near the superfluid transition [lambda point, 7 ~ 2.19 K at
atmospheric pressure ~ 1 bar, Fig. 1(a)] was ascribed to the
failure of the approximation where phonon and roton quasi-
particles are treated as nearly ideal gases. Here, we show that
it is the quasiparticle breakdown processes that are at the ori-
gin of the observed deviation.

That Landau’s guess for ¢(Q) turned out to be remark-
ably accurate was confirmed by inelastic neutron scattering

(INS), a technique that allows to directly detect quasiparticles
[10H24]]. By measuring the probability for a neutron passing
through a superfluid helium (or another material) to scatter
losing some of its energy and momentum, one can experi-
mentally determine the energy-momentum relationship of the
quasiparticles that are created as a result. Recent progress
in neutron scattering technology allows to conduct such mea-
surements with exceptional precision [22} [23]]. It was shown
[23]] that using the precise INS measurements of quasiparticle
dispersion in superfluid *He as an input to Landau theory pro-
vides exceptionally accurate description of specific heat and
other thermodynamic properties at low temperatures, while
notable discrepancies are present within about 0.5 K below
the superfluid transition. By exploring in detail the behavior
of phonon-roton quasiparticle in this region in our INS experi-
ments (Fig. 1), we show that the observed failure of theoretical
description is rooted not in the non-ideal nature of phonon and
roton gases implied by the most simple version of the Landau
theory used in [23], but, in fact, in the failure of the quasipar-
ticle description at its core borne by the quasiparticle decay
processes.

Color contour plots in Figure 2 (a)-(e) show spectral den-
sity of INS intensity obtained in our measurements at differ-
ent pressures and at low temperatures within the superfluid
phase (Fig. 1, see Figure S1 for the measured neutron inten-
sity). The intense curvy line traces the phonon-roton quasi-
particle dispersion (linear rise at small () is the phonon part,
while the minimum near Q ~ 1.9 AL following Landau,
is called roton). The narrow peak of the measured scattering
intensity in Fig. 2(f)-(1), which reveals the quasiparticle, has
width which is approximately consistent with the experimen-
tal energy resolution of our measurement (see also [26] and
discussion below). Zero, or small intrinsic energy width of the
INS peak indicates infinite, or very long quasiparticle lifetime.
Ideally, quasiparticles with infinite lifetime, 7, describe sta-
tionary excited states of the system that are the eigenstates of
energy and momentum with the eigenvalues in one-to-one cor-
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respondence forming unique pairs, (¢, @), which determine
the quasiparticle dispersion, €(Q). INS measures the proba-
bility of different energy-momentum excited states of the sys-
tem and in such an ideal case, 7 = oo, the probability distri-
bution is Dirac’s delta function, d(e — €(Q)), of zero width,
I’ = i/7 = 0 (in practice, in an INS experiment the measured
distribution is broadened by a finite instrument resolution re-
sulting from less than perfect discrimination between differ-
ent energies and wave vectors). In such case, the knowledge
of the quasiparticle dispersion, ¢(@), is sufficient to construct
the systems’s partition function and accurately describe all of
its thermal properties, which explains the power of the quasi-
particle concept.

While considering quasiparticle collisions and applying
Boltzmann transport theory allows us to obtain a quanti-
tative description of transport phenomena in superfluid he-
lium, such as convection and viscosity [8} 9], collisions also
shorten quasiparticle lifetime. Like for elementary particles,
collisions can change quasiparticles’ (¢, ) identities, which
means that in the presence of other excited states, each ele-
mentary excitation acquires a finite lifetime. The more quasi-
particles are excited with the increasing temperature, storing
the system’s thermal energy, the shorter their lifetime becomes
due to collisions, which increase in frequency. Landau and
Khalatnikov (LK) obtained an accurate description of these
effects, where the roton peak width is proportional to the num-

A(T)
ber of thermally excited rotons, I' ~ VTe *5T (A is the
minimum energy of the roton, Fig. 2, which depends on P
and T'). This was checked in a number of INS experiments
and was shown to work well up to ~ 1.5 K [27429]. Appar-
ent deviations from LK behaviour of I' at higher temperatures

2
T (K)

FIG. 1. The (P, T) phase diagram of superfluid *He with loca-
tions of our INS measurements. (a) lines indicate superfluid, nor-
mal liquid, and solid phase boundaries; dark-filled upward-pointing
pentagons represent the low-temperature measurements with inci-
dent neutron energy F; = 3.55 meV shown in Fig. 2, and light-
filled downward pentagons represent measurements closer to the
superfluid-to-normal-liquid transition with E; = 3.27 meV shown
in Fig. 3. (b) the Al sample cell (0.95 cm inner, 1.25 cm outer diam-
eter) used in our measurements, with Al rod with ~ 1 cm spaced Cd
dividers and copper top flange with the ~ 0.15 cm diameter input
capillary. (c) transmission neutron radiograph of the (empty) assem-
bled sample cell, with shades from neutron-absorbing Cd dividers
visible. The resulting small, ~ 0.7 cm® scattering volume of each
sub-cell markedly reduces parasitic double scattering effects com-
pared to previously reported measurements [[17, [18] 20} 23} 25].

were considered to reflect the inadequacy of the experimental
model in extracting quasiparticle parameters rather than any
inherent inaccuracy of the LK model [20].

At zero temperature, there are no collisions that would limit
the quasiparticle lifetime because there are no thermally ex-
cited quasiparticles. Hence, according to LK, I'(T") = 0 at
T = 0, which means that the measured width of the INS spec-
trum should be resolution limited. However, quasiparticles,
like some elementary particles, can be unstable with respect
to decays if these are allowed by quantum-mechanical con-
servation laws. Such spontaneous decays can lead not only
to a finite lifetime, but also to a complete disappearance of
the quasiparticle states. Landau conjectured that the quasipar-
ticle spectrum in superfluid *He could terminate at large Q
where its energy increases such that decays into roton pairs
become kinematically allowed, i.e. the quasiparticle disper-
sion enters the energy range of the continuum of two-roton
states, €(Q)) > 2A. An elegant theory of this phenomenon
was developed by Pitaevskii to whom the problem was posed
[LLL12]]. Not only did this theory predict the spectrum end point,
Q. but it also explained the downward bending of the disper-
sion on approaching the )., a puzzling behavior observed in
experiment [[11H24|30]. While similar effects of spontaneous
quasiparticle decays have been also observed by INS in quan-
tum magnets [[7, 31]], revealing these to be a ubiquitous prop-
erty of quantum matter, the unambiguous experimental iden-
tification of ). in superfluid helium still remains a challenge
[22 23]

While the spectrum termination point at high @ is out-
side the range of our present measurements, the effects of
decay interactions transpire in our data at higher pressures
(Fig. 2). As the roton gap, A(P), decreases with the pres-
sure increasing towards crystallization (which for T" ~ 0 oc-
curs at P =~ 25 bar, Fig. 1) [12} [13], the threshold for the
onset of two-roton states also decreases. When this thresh-
old, 2A(P), approaches the local dispersion maximum near
Qm ~ 1.2 A~' (quasiparticles in this range are conven-
tionally called “maxon”), the interaction effects first lead to
“squaring” of the dispersion, which becomes increasingly
clear for P > 15 bar. This energy-level-repulsion effect be-
tween the quasiparticle and the two-roton continuum, similar
to that predicted by Pitaevskii, is prominently displayed by the
increasing (with pressure) discrepancy between the measured
€(Q) and the fitted Bogolyubov dispersion for non-interacting
quasiparticles [32H37]], which accurately describes the lower-
energy region of the phonon-roton dispersion where the ef-
fects of interaction are small (dashed curve in Fig 2, see also
Figs. S1, S5).

At the highest pressure of our measurements, P = 24.6 bar,
the maxon intensity notably decreases and an indication of fi-
nite lifetime (finite peak width) appear near (),,, extending
similar observation of Ref. [23]]. With the further decrease of
the two-roton threshold energy at higher pressure, the quasi-
particle spectrum can be expected to terminate at two wave
vectors, Q.1 and Q.o around @),,, opening an entire region
of excited states in the [Q.1, Q2] range to higher-energy ex-
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FIG. 2. Phonon-roton quasiparticle in superfluid helium-4. (a)—
(e) color contour maps of the spectral density of the measured neu-
tron scattering intensity at different pressures, P = 1.22(3), 10.19(3),
15.20(3), 20.11(2), and 24.57(4) bar (top to bottom), tracking the
quasiparticle dispersion, €(Q). The dashed curve is the fitted Bo-
golyubov dispersion without accounting for multi-particle
interactions, the horizontal dashed line marks the decay threshold en-
ergy, 2A. (f)—(j) selected constant-Q) cuts of the corresponding spec-
tral density of the measured neutron intensity with fits to resolution-
corrected DHO lineshape. The width of the peak is consistent with
the instrument resolution (AFE,.s ~ 0.1 meV), with a visible devi-
ation at the highest pressures near the top of dispersion, where pair
decays become active.

citations. Strikingly, this does not happen. Instead, with a
tiny increase in pressure to ~ 25 bar superfluid *He solidi-
fies in a first-order phase transition. This occurs well before
the roton energy softens to zero, as could be expected for a
soft-mode second-order transition. Hence, it appears as if the
(avoided) quasiparticle breakdown is actually the cause of the
observed “premature” crystallization, a well-known puzzling
behavior of the superfluid *He. Interestingly, this observation
can be understood from a simple quantum-mechanical argu-
ment. Superfluid *He at ambient pressure remaining liquid
down to an absolute zero temperature hinges on a fine balance
between the energy of zero-point quantum motion of the lig-
uid and the solid phases. In a superfluid, zero-point energy is
determined by the quasiparticle dispersion, Ey = > 1e(Q).
When the quasiparticles break down between (.1 and Q.2,
higher-energy excitations contribute to zero-point motion and
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FIG. 3. Breakdown of phonon-roton sound-wave quasiparticle
near the crystallization and superfluid transition. (a)—(e) color
contour maps of the spectral density of the measured neutron scatter-
ing intensity at pressures P = 2.75(3), 6.76(8), 10.50(3), 18.03(3),
and 25.36(3) bar (top to bottom), at temperatures in 1.7 K to 1.9 K
range, as shown in Fig. 1. As in Fig. 2, the dashed curve is the fit-
ted Bogolyubov dispersion without accounting for multi-particle in-
teractions, the horizontal dashed line marks the decay threshold en-
ergy, 2A. (H—(j) selected constant-@ cuts of the corresponding spec-
tral density of the measured neutron intensity with fits to resolution-
corrected DHO lineshape. The substantial DHO width reflects short
quasiparticle lifetime, which decreases markedly above the decay
threshold where the spectral density gets extremely blurred.

its energy increases to become larger than that of a solid, caus-
ing crystallization.

With temperature increasing towards the A point, the roton
energy and the two-roton threshold further decrease [12}
[20]. For temperatures ~ 0.8T) of our INS measurements pre-
sented in Fig. 3 (1.7 Kto 1.9 K, Fig. 1), even at low pressure of
2.75 bar the two-roton threshold intercepts the phonon-roton
dispersion, allowing decay processes within a finite ()-range
around @, [Fig. 3(a)]. While the entire quasiparticle spec-
trum already has substantial thermal width, < 0.5 meV, be-
cause of the finite LK lifetime due to collisions at these tem-
peratures (see also Fig. 4), there is a marked addi-
tional blurring near the top of dispersion due to decays. This
effect is most clearly seen at low (), where for energies below
the two-roton threshold [horizontal dashed line in Fig. 3(a)-
(e)], the phonon quasiparticle in the linear part of the disper-
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FIG. 4. The quasiparticle width and the breakdown region. Color
contour map of the DHO half width at half maximum (HWHM), I,
which parameterizes the quasiparticle lifetime, 7 ~ h/T", obtained
by interpolation of the fit results as a function of pressure, (a) for
the low-temperature data of Fig. 2 and (c) for the data of Fig. 3
with pronounced decays. The solid symbols with the parabolic fit
(dashed line) show the boundary of the pressure-dependent quasipar-
ticle breakdown region of momenta, [Qc1, Qc2], Where decays are
allowed for non-interacting quasiparticles with the fitted Bogolyubov
dispersion [32H37] of Figs. 2, 3(a)—(e) (see also Figs. S1-S7). The
pressure dependence of I" for typical wave vectors in the phonon
(open circles), maxon (filled circles and squares) and roton (open
squares) regions (b) for the data in (a) and (d) for the data in (c). The
grey line shows I' obtained from LK theory [28| 29]. The experi-
mental I' obtained using a single-component DHO fit is somewhat
over-estimated by the inclusion of multi-particle states in the fitted
intensity, however, its variation with pressure and @) adequately ex-
poses the physics of quasiaprticle decays (see also [26]). Error bars
in all figures show one standard deviation and where not visible are
smaller than the symbol size.

sion presents a well-defined peak in the measured INS inten-
sity at each @ < (.1, only broadened by a finite lifetime
[bright streak at low () in Fig. 3(a)-(e)]. The peak broad-
ens dramatically for energies above the threshold, € > 2A,
revealing the effect of decays. The same is the situation in
the roton region, where an LK collision-lifetime-broadened
quasiparticle exists below the 2A threshold, for @ > Q..
We note that at finite temperature quasiparticle breakdown for
Q € [Qc1, Q2] does not lead to crystallization because the
liquid state is entropically stabilized. Albeit access to higher-
energy excited states does increase the system’s internal en-
ergy, E, it also adds to the entropy, .S, whose contribution at
finite 7" lowers the free energy of the system, £ — kg7 In S.

Comparing panels (a) through (e) of Fig. 3, we observe that
the decay region expands as pressure increases towards crys-
tallization, blurring an increasingly wider part of the quasipar-
ticle dispersion around @),,,. In this ever-increasing (-range,
the quasiparticle instability to decays invalidates the LK type
theoretical approach to describing transport and thermal phe-
nomena in superfluid “He in terms of quasiparticles and their
collisions. This observation explains previously reported dis-
crepancy, growing at higher temperatures and pressures, be-
tween the LK theory and INS experiment [12} [13} |19, [20].

In the presence of a finite lifetime, the quasiparticle spec-

tral function measured by INS transforms from a Dirac delta

function for 7 = oo to that of a damped harmonic oscil-
lator (DHO), I(¢, Q) ~ (62_(62(Q)i11:§))2+(2“)2 (for under-

damped case, this expression is equivalent to the difference
of two Lorentzian functions centered at +¢((Q) and with full
width at half maximum (FWHM), 2I" = 2//7, [38]; at finite
T, it is also weighted by the detailed balance factor, [20,|37]).
We therefore quantify the effects of quasiparticle spectrum
broadening by fitting the measured INS intensity at each () to
the DHO response with the quasiparticle energy, €((), inten-
sity, I(Q), and Q-dependent width, I'(Q), as parameters. The
corresponding fits are shown by solid lines in panels (f)-(j) of
Figures 2 and 3 and the obtained width, I'(Q), is presented in
Figure 4.

For the low-temperature data of Fig. 2, there is a small but
discernible width, ~ 0.01 meV, for the 1 bar and 10 bar data
measured at 7' ~ 0.9 K, which is larger than the LK colli-
sional broadening and probably indicates decays into phonon
pairs such as discussed in [23]] [Fig. 4(a),(b)]. For the 15 bar
and 20 bar, ~ 0.35 K data, there is no discernible broadening,
consistent with LK and with the pressure-induced stability of
the phonon spectrum [23]] (except for a small effect near ),
at 20 bar, indicative of the onset of decays into roton pairs). At
24.6 bar, also measured at ~ 0.35 K, fitting reveals noticeable
width, I > 0.02 meV, exceeding that seen at 0.9 K, for wave
vectors near @), clearly indicating the effect of quasiparticle
decays, which can also be identified in Fig. 2(e) and Fig. S1(j).
The symbols with fitted parabolic dashed line in Fig. 4(a)
show the pressure-dependent momentum region where decays
are allowed for non-interacting quasiparticles with the fitted
Bogolyubov dispersion [32H37] shown in Fig. 2(a)-(e). In re-
ality, the interaction-induced decrease of dispersion maximum
pushes this region to higher pressures, 2 20 bar.

The decay region explodes at higher temperatures, as the
roton energy decreases, Fig. 4(c). The two-roton decays add
substantially, up to > 100% for the temperatures 1.7 K to
1.9 K we measured, to the LK collisional thermal damping,
which, albeit already large, only dominates at low energies,
E < 2A [Fig. 4(d)]. It is therefore not surprising that a quasi-
particle transport theory, which only accounts for collisions
and neglects decays could diverge from experiment at temper-
atures near the superfluid transition and at pressures close to
crystallization where the roton gap becomes small and the de-
cay region is large. While extracting the absolute values of "
at higher temperatures is tedious and can be model-dependent,
as discussed in detail by Glyde [24], the wave vector depen-
dence, I'(Q), established in our measurement is clear and un-
ambiguous in revealing the decay region, [Q.1, Qc2], whose
dependence on pressure is governed by the phonon-roton dis-
persion, Fig. 4.

Superfluid helium presents the standard model of quasipar-
ticle physics in quantum matter [2} [8, 32]. An understanding
and accurate description of the quasiparticles in helium has
been foundational for the development of theories of many-
body quantum states and is fundamental for the progress in
our ability to describe and control quantum systems of Bose



particles, from trapped atoms to quantum magnets [7, [31].
Here, we report experimental observation of an instability
towards pair decays leading to breakdown of phonon-roton
sound wave, an important aspect of quasiparticle behavior
in superfluid helium that has been predicted long time ago.
Our present results provide a much-needed completion for the
standard model of quantum condensed matter, uncovering the
origin of the remaining discrepancies between theory and ex-
periment and unveiling an unusual route to zero-temperature
crystallization, which resolves a long-standing puzzle.
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