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X-ray-induced thinning of *He and *He/*He mixture films
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Films of isotopic mixtures of helium have been studied using x-ray specular reflectivity techniques. In
contrast with superfluidHe films, x-ray exposure causes a reduction in the thickneésl®films above the
superfluid transition as well as films of pufele and®He/He mixtures. One proposed model that could
account for this effect is a charging model, in which thinning is caused by electrostatic pressure of free charges
that accumulate on the helium surface. Unfortunately, this model is not fully consistent with all of the experi-
mental observations. A localized heating model, in which indirect heating of the film causes it to thin would
explain the data if there were dissipative film flow in thée/He mixtures at temperatures where the bulk is
superfluid. We argue that various published experimental results suggest such an effect. In this model, film
thinning data for dilute®He/He films indicates dissipation that is linear iHe content of the film over two
orders of magnitude.

[. INTRODUCTION intensity the intensity per unit area of exposed surface in-

- reases. As can be seen in Fig. 1 the period of the interfer-
The method of x-ray specular reflectivity hgs beeq US€&nce oscillations increases with increasqyg implying the
successfully as a probe of surface structure in a variety ofj yhickness decreases with increasimg Furthermore, it

experimental systems, including studies of superfluid heliums 556 apparent that the thinning is larger when the overall
films (for a more detailed review of the method and the eX-content of*He is also larger.

perimental setup see Ref). For pure®He films the method | the second type of measurement, the reflectivity was
has bee_n succe_ssful at temperatures where the bulk phas_erﬁ%asured at fixed angle, or constapt as a function of
superfluid and it has been possible to measure the liquidgmperature. In these measurements, variations in the re-
vapor interface for films of various thicknesses adsorbed ORected intensity indicate changes in the film thickness. An
the Si111) face. On the other hand, exposure to x rays willjj,siration of this method is shown in Fig. 2. Measurements

sometimes induce changes in the quantities being measure .qnstanty, reflectivity as a function of the cell tempera-
and this unwanted effect has been observed for different thlﬂJre for different®He content in the cell and different inci-

helium films. For example, X rays induce.t.hinning e dent x-ray intensities are shown in Fig. 3. As the temperature
films above the superfluid transitidri.In addition we found is"|oered, the film thickness first increases due to conden-

S|m|Iar effects in films of pure’He and H_e/4He ISotopiC  sation of4He. By T~0.65K the amount ofHe in the vapor
mixtures at temperatures where the bulk mixtures were in the

normal state as well as at temperatures where they were ex
pected to be superfluid. In fact, fdHe/He mixtures con-
taining greater than 10%He the effect was sufficiently large
for even very small x-ray exposures that it could not be eas- s}
ily quantified. The same is true for pufele films above the 0.4 f
superfluid transition.

An overview of the experimental data follows. A theoret-
ical overview of the two proposed models is given in the & |
discussion section. =
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By working with small amounts ofHe in the cell, we 0.04 — : ‘ ‘ : ' : :
were able to take specular reflectivity measurements where ‘ ' ‘ ‘ '
the extent of thinning was small and could be quantified.
Two types of measurements were performed. Results of con- g 1. Reflectivity normalized to silicon Fresnel reflectivity for
ventional x-ray reflectivity measurement®/Re vs q,) that 3 set of*He/He mixtures. Film thickness for each data set is fit in
are shown in Fig. 1 and summarized in Table I illustrate thathe ranges 0.12-0.22 & (darker line and 0.3-0.4 A? (lighter
the thinning effect is related to the x-ray dosage per unit areaine). The data correspond to the temperatures and concentrations
For fixed beam height, the area of exposed surface decreas@sed in Table I. They are offset vertically in the same order as they
with increasing incident angle such that for a fixed incidentappear in the table.

A. Films of ®He-*He mixtures
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TABLE I. Thinning effect for dilute®He/He mixtures. The amount dHe in the cell is the same for all
data sets. Incident fluxdirect beam is the monitor count117 000. It corresponds to total energy flux
reaching the detector of 1.¥610'3eV/sec, or 1.8G:\W at a monitor count of 10 000. Corrected for absorb-
tion in the output cryostat windows, and the detector efficief@c§ each, the energy flux incident on the

substrate is=2.9 uW. Wave vecton, of 0.35 A~* corresponds to incident ange=2°. The typical error in
thickness fits over a small fitting range490.5 A for sets without absorbet; 1 A with X0.102 absorbef*).

TK % 3He Eff. monitor d@0.17A? Ad d@0.35 A1 Ad
0.492 0 6600 119.53 0 119.47 0
0.491 0.8 960 118.78 0.75 116.79 2.68
0.440 0.8 710 117.83 1.70 115.19 4.28
0.452 2.3 478 117.73 1.80 114.05 5.42
0.519 0.8 6950 115.51 4.02 112.78 6.69
0.491 0.8 5800 114.08 5.45 110.82 8.65
0.491 0.8 7200 113.57 5.96 109.82 9.65
0.440 0.8 7100 107.04 12.49 102.53 16.94
0.440 2.3 11750 93.13 26.4 89.35 30.12

becomes negligible and for pufele film the thickness stops
changing. However, if the cell is loaded even with a small

amount of*He, the thickness dependence becomes abnor 0.33 0% 3|;e, sggolcts/monitor % 1125
mal: the film gets thinner at lower temperatures. The extent  0.32 120
of thinning, just as in conventional reflectivity measure- 0.31 F=0 2 5 1115

ments, is larger for lower temperatures, higher ovetei
content and larger x-ray flux.

The model used to the fit data in for the anomalous thin-
ning effect illustrated in Fig. 3 assumes that for a given x-ray
intensity the extent of thinning is proportional to the amount
of *He in the film Taking the saturated vapor pressure for
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FIG. 3. Reflectivity at constarq,=0.35A! as a function of

FIG. 2. An illustration of constant, x-ray reflectivity measure- temperature for different x-ray intensities afide content in the
ments. The plot shows the calculated normalized reflectivity as @ell. — — — Fit to reflectivity. —— Film thickness vs temperature
function of wave vector transfey, for three film thicknesseg:—) from fit (right axig. Deviations aff >0.7 K are due tdHe evapo-
88 A, (- - 84 A, and(-—---) 80 A. The inset shows the calculated rating from the film into the gas phase. The fackorefers to the
reflectivity at constant;,=0.2 A~ as a function of the film thick- multiplicative factor in the model for the anomalous thinning be-
ness. havior for T<0.7 K (see text
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where Ny, is the content offHe in the film andNg is a 0; S T ‘ . ' |
parameter. In the gas phase oal \‘—\
07T
P I % - Ry,
Mvapor— KTIng5—. 2 06 e ‘e,

Psat 05+ Ct’oo e
Assuming that the amount dHe in the film remains small 04t O°°°n§§§ *e,
in comparison with the amount dHe in the gas phase, the _- %§ "..
pressureP = consix T. The concentration ofHe in the film = 03 oy e,
is then §§§§ .

2 3555
P T 0| @
Nim = Nggizs— = constx Ngge=—. 3 %
film Satpsat Satpsat 3 ifi

Equation(3) is valid as long ad\,is a much weaker func-
tion of temperature thaR.,. The dependence 6He satu- 01 ‘ ! ‘ ! . ! . | ‘ |
rated vapor pressuteg,;on temperature was fit to published 0 0.2 04 .06 08 1.0
data(Ref. 4, and references thergirror larger changes in 9, A7)

the film thickness, the amount of thinning can be estimated
from the change in the locdHe chemical potential, which
scales asl— 3. The net result is that the film thickness should
scale as

FIG. 4. Normalized reflectivity for a purHe film taken with
different incident x-ray intensitie$®) Full beam;(O) beam attenu-
ated by a 1& absorber. Data sets are offset for clarity. Film thick-
ness is a function of|, due to the changing footprint size.

Eg_ _13 = FXL, (4)  tween 0.5 sec. at the synchrotron with full bézand tens to

d> dg Psat hundreds of seconds either at the rotating anode facility or
with significantly attenuated synchrotron radiation. Film
dhickness as a function of time for a film @t=2.20K ex-
posed to an attenuated x-ray beam is shown in Fig. 6.

where F is a multiplicative factor. Assuming this relation-
ship, the dashed line in Fig. 3 is obtained by calculating th
x-ray reflectivity from the thicknessl of the film for the
known q,. Apart from normalization factors for the x-ray
reflectivity, F and the equilibrium film thicknesd, are the IIl. DISCUSSION
only free parameters in the model. For small changes in the A. Thinning models
film thickness, the extent of thinning can be estimated from a ] o ] ]
model in whichAd=d—dj is substituted in the left hand __Dramatic x-ray thinning ofHe films above the superfluid
side of Eqg.(4). The relative value of the parametrin  transition was first observed by Luriet al”*~ The effect
different data sets scales linearly with the x-ray intensity angvaS €xplained as being caused by localized heating of the
®He content in the cell. This model is also consistent withfilm- It was noted, however, that for the observed extent of
conventional reflectivity dataFig. 1, Table ). In cases thinning, a significant portiori50% or largey of the entire

where the thinning is greater, the amplitude of the reflectivity®€@m energy would have to be deposited in the film itself
oscillations is reduced, indicating that the film thickness var-despite the fact that nearly all x-ray photons are absorbed by
ies over the footprint area. the substrate. It was suggested that a substantial portion of

primary photoelectrons escape the substrate and deposit their
energy in the film and the vapor above it. Lack of heat ex-
change with the substrate was explained by a large Kapitza
The behavior of puréHe and®He-rich mixtures is quali- boundary resistande=800 cnf K W %) due to an exception-
tatively the same as that of the mixtures described in thally flat and clean substrate surface. Absence of thinning in
previous subsection. The extent of thinning is more severguperfluid*He films could be naturally explained by thermal
and is significant even for strongly attenuated x-ray beamsshorting by the superfluid flow of the film.
For completeness, an example of a reflectivity measurement Subsequently it was found that significant x-ray-induced
taken on pure’He films with and without beam attenuator film thinning exists for®He/He mixture films when such
placed in front of the incident cryostat window is given in films are expected to be superflfidnd an alternative expla-
Fig. 4. nation was required. It was suggested that primary photo-
electrons ejected from the silicon substrate were attracted to
C. Films of “He above the\ point the substrate by the positive ion charge left in silicon as well
as by their image potential, and resided on the helium sur-
face. Electrostatic pressure due to these charges leads to an
increase in the chemical potential and hence reduces the film
thickness. The two models are discussed below.

B. Films of pure ®*He and ®He-rich He/*He mixtures

X-ray induced thinning fofHe films above the superfluid
transition T,=2.17 K, was observed by Luriet al*® As
part of this study, details of this thinning were investigated
further. A typical plot of reflectivity vs. time on slow
warm-up and cool-down is shown in Fig. 5. Thinning occurs
within several milli-Kelvin on heating above the superfluid
transition and is reversible. The time scale over which thin- In this model, the extent of thinning is determined by the
ning occurs scales with the x-ray intensity and varies beequilibrium electron density at the helium surface. The equi-

B. X-ray induced electrostatic charging
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FIG. 5. Constant), warm-up and cool-down reflectivity for #He film. Reflectivity at a constarnt,=0.068 A~! for slow warm-up and
cool-down. Reflectivity oscillation at thk point indicates thickness change frair=140 A to d~50 A over a time period of order 2
x 10° sec. Data was taken at Harvard rotating anode facility.

librium is reached when the rate of the electron density diseausing thinning seems clear, a credible model for the elec-
sipation (relaxation) becomes equal to the rate with which tron density relaxation is yet to be found. One possibility is
the electrons are generated. The rate of photoelectron prelat the electrons move along the film surface until they
duction can be expected to be proportional to the number ofeach bare metal surface in the filling capillary. The relax-
incident x-ray photons, which is consistent with the observedtion rate would be determined by electron mobility along
linearity of the extent of thinning vs the x-ray intensity. Eachthe surface. Another possibility is that there is a weak spot, a
primary photoelectron with an energy of10 keV can create  sharp protrusion, where electrons are capable of tunneling
of the order of 400 additional free charges when it thermaly,qygh the film. Relaxation is again limited by surface mo-
izes through ionization. Since the ionization track length is ility. In still another model, upon reaching a critical density,

function of the vapor density, the total effective rate of elec—a hydrodynamic instability develog, allowing the elec-

tron production may a'?"o depend on the density of the he'Erons to break through the helium layer. The relaxation rate
lium vapor above the film. Although the source of charge

Swould depend on the surface tension.
The extent of thinning achieved ifHe films would re-

1500 + . quire electron densities of the order of*6m~2.” The inci-
1250 | dent x-ray count for the thinning in Fig. 6 was 1.05
2 1000 L i X 10° photons/sec with the beam footprint area~dj.1 cnft.
< Assuming secondary photoelectron production of 400 per
2 750 ¢ 1 each incident photon with all secondary electrons contribut-
§ 500 - q ing to the thinning, the rate of the electron density increase
250 | ] would be~4x10° cm 2 sec . This value is consistent with
ol | the observed rate of thinning to within an order of magni-
200 [ I I I I I i I — tude. The rates of thinning fotHe films exposed to larger
S | x-ray flux at the synchrotron, observed by Lugbal®? and
150 L %}m | in the current measurements, are found to be correspondingly
I ] higher. Another observation providing support to the electro-
= 100 % | static thinning hypothesis is that the typical recovery time for
o I ] the “He films above tha point with the x-ray flux turned off
50+ @% A is of the order of hours. After heating the cell#20 K and
A A&%@A@%ﬁ@ ] cooling it again the film thickness recovers. This effect could
of , . . . . J be explained by the electrons tunneling through the film

' ' ' when the film thickness is reduced 10 A.
0 250 500 750 1000 1250 1500 1750 The weakest point of this model is the discontinuity in
Time (sec.) thinning at the*He superfluid transition. To explain the dif-
FIG. 6. Reflectivity atq,=0.050 A1 and corresponding film ference in _the exte.nt of thinning of less than 0.5 ATat
thickness vs time. The measurements were performed at the syi-2-17 K with the highest x-ray flux at the synchrotron vs

chrotron with a strong attenuator in front of the cryostat. The tem-€xtreme thinning with the lowest flux at the rotating anode,
perature was maintained at 2:20.01 K during the measurement. the rates of relaxation have to differ by a factor of at least

The total incident x-ray flux corresponds to energy flux of 0.0001510° across the\ point. Neither the surface tension nor the
uW. The x-ray shutter was opened at tie0. electron mobility have a discontinuity at the superfluid tran-
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sition (Ref. 9, and references thergirA similar argument ok ' ' T ' ' ' '
arises in the case oHe/He mixtures. Although the pres- ' ] [

ence of®He in the vapor phase would lower electron mobil- S K [ ]Em

ity, the latest measurements where thie content in the cell I I e eat:

was kept constant and the film became thinner as the tem %' |14 [ ﬂ il E ﬂr a Mq ]

T
[N
o
]}

(<o)

N
w
B

perature was lowered indicate that scattering #ie gas
could not be the primary cause for the slowed relaxation.
Apart from scattering from the gas, the surface electron mo-
bility is limited due to the interaction with the surface modes.
At temperatures above 0.4 K, whetide atoms do not popu-
late the surface staf8changes to the surface tension due to  0.29
®He are small. Direct interaction between the electrons anc

SHe quasiparticles is wedk, although additional surface
modes may exist under certain conditions for largele 0.8
content!?

To further investigate the electrostatic charging hypoth-
esis, the cell was equipped with electrodes to allow the ap-
plication of electric fields across the substrate. Unfortunately, FiG. 7. Reflectivity at a constant,=0.351 A" ! as a function of
conducting substrates could not be used for unrelated teclime for a®He/He mixture film. Expected reflectivity for a film of
nical reasons$.Although voltages corresponding to fields as91.3 A thick is shown as a solid line. Calculated reflectivities for
high as 2000 V cm? (limited by discharge in helium vappr films 90.3 and 92.3 A are shown as dashed lines. Equilibrium film
could be applied to the electrodes, the actual field at thehicknessdy~125 A. Voltages are applied at the points shown. To
substrate surface could not be determined. Even with thisonvert voltages to field strengths, multiply by 2. Positive voltage
limitation, the setup would allow exploration of changes inindicates a positively charged substrate.
thinning during transients, after the applied field was

changed. An electron residing on the surface of a film 100 Aadequately explained by the local heating mddeThe dis-

thick is subject o a field due t% the image potential in thegsgjon phelow wil attempt to show that such a model is also
substrate of the order of 1&/cm 8 If the thinning is caused applicable to the case of superfiie/He mixtures.

by electron pressure, applying the field to reduce this pres- e . . i
sure should thicken the film. For films thinned to 30-50 A in . In the two-fluid model of a superflwd the superfl'wd frac
tion has zero entropy. In constricted geometries in general

4 . .
cases of pureHe and*He above the superfluid transition, and in the case of helium films in particular any heat ex-

the available fields would be small in comparison with the h . i ; I Heat t for
image potential fields£10°—1° Vecm™) and are unlikely ~S"aN9€ requires mass transter as wetl. Heat ranster in super-
E,ud helium films has two distinct regimes. At higher tem-

to produce a measurable thickness change. However, in tl ; )
case of dilute®He/He mixtures the films in equilibrium are Peratures, heat is carried away from a hot spot by the vapor,

thicker and the image charge fields are smaller. We thu¥hile the superfluid film flow replenishes the evaporated at-
expected that the change in the extent of thinning due t®MS- At lower temperatures, where the vapor pressure be-
applied field of 1200 Vcm', assuming constant surface COMes negligible, heat transfer is primarily due to the capil-
electron density, should be of the order of 5—10 %. Since théary wave quasiparticles, or ripplons, and, in the case of
equilibrium surface electron density is also a function of ap-"He/'He mixtures atT<0.3K, due to°®He quasiparticles
plied field, it should also change by a similar amount. Al-bound to the surfack.In the former case the superfluid film
though the sensitivity of the reflectivity method is of the flow is dissipation-free and for large enough thermal gradi-
order of 0.5 A, no additional change in film thickness wasents is limited by the critical velocity at the spot with the
observed for the dilute mixture films thinned 30—40 A by x shortest perimete(this principle is the main idea behind su-
rays, for both field polarities. An example of such a set ofperfluid film burners in cryostat design
measurements is shown in Fig. 7. Until recently the description above was thought to be the
The only case where the applied field appeared to havease for the®He/He mixtures as well, witt®He enriching
some effect on the film thickness was for the superfﬂh-lé the normal component in the two-fluid model. However,
films in the pressing geometfgubstrate charged positiveély  some experimental results indicate that the thermal conduc-
Film thickness could be lowered by as much as 120 A fromance ofHe/He films is fundamentally different. Measure-
an unperturbed thickness f230 A (see Fig. 8 Such varia- ments of effective heat conductance along a coiled Mylar
tion in thickness would be consistent with the increased e|ECribbon by Finotelloet al** show reduced conductance in the
tron density at the surface as the secondary free electrons an’esence ofHe in thin (12 and 16 A “He films below the
ions in the vapor separate. This voltage-induced thinning wagosterlitz-ThoulesgKT) (Refs. 15 and 16transition. This
not reliably reproducible and may have been caused by gesult is interpreted as an indication of free vortices present
prior electric discharge in the cell. in the film even below the KT transition. Another measure-
ment supporting this hypothesis is due to Ekholm and
Hallock "8 The superfluid persistent current decay rate was
increased in the presence @fle beyond what one would
The disparity between thinning observed above #He  expect from the increase in the normal component in the
superfluid transition and lack of such thinning below can bewo-fluid model.
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C. Thinning due to local heating
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4 T T T T T T this calculation are as follows. As indicated by Lugobal.

for “He thinning, of order 50% of the incident heat flux is
dissipated in the film. We further assume that the film dissi-
] pates energy only by evaporating, without heat transfer to the
substrate. The rate of atom lagbl/dt from the exposed area

is

dN_  WN, .
05T )

whereW is the incident energy flux. is the helium molar
latent heat and\, is the Avogadro constant. Substituting
W=2.9,W andL~80 Jmol !, we obtain the atom loss rate
dN/dt of the order of 18 sec®. From the incident slit set-
tings and the incident angle the footprint perimeter is esti-

«QW«“‘.«O mated to be a rectangle with length 10 mm and negligible
width (0.4 mm). Under these assumptions, the helium film

([ S——— N flow rate across the perimeter in equilibrium is calculated to
. ngmntatt be v~0.2cmsecl. In the absence of dissipation in film

flow any two points along the flow path would have the same

X ) chemical potentiajs. In the presence ofHe, the thinning
data suggests

0F - A p=f(Ngjm)v (6)

with the functionf(Ng,,,) being linear in the®He content
0.03 0.04 0.05 0.06 0.0/ 0.08 0.089 0.10 N, over at least 2 orders of magnitude. This result is con-

q (A_1) sistent with the free vortex nucleation model in which the
z vortex production rate is linear ifHe content.
FIG. 8. Normalized reflectivity for a saturated superfliide
film on a highly doped silicon substrate for various applied volt- IV. CONCLUSION
ages. 0) T=1.70K, U=-500V, d=233A; (O) T=1.44K, _ o o
U=0V, d=231A; (A) T=125K, U=0V, d=234A: (V) T X-ray induced thinning has been observed in films of pure

—1.18K, U=1V, d=186A; (®)T=1.20K, U=10V, d He above the superfluid transition and in filmsZfe/He
—174A; (W) T=1.90K, U=100V, d=102 A. Reflectivity data Mixtures. The extent of thinning in dilutHe/'He mixtures
sets are offset for clarity. The typical error in the film thickndss ~ defined as the change in the local chemical potential is found
+5 A. Film thickness changes are induced by applied fields ago be linear in®He concentration in the film over 2 orders of
small as 2 Vcm? (distance between the bias electrode and themagnitude. The data is analyzed in terms of two models:
substrate surface is5 mm). Positive voltage indicates a positively local heating and electrostatic charging. The electrostatic
charged substrate. The film is stable and of constant thickness fatharging model fails to explain the observed dramatic
negative and zero voltages. change in the extent of thinning at thele superfluid transi-
tion. The local heating model is consistent with tliée data

The motion of a free quantized vortex across the streambut requires that the film flow fofHe/He mixtures be dis-
lines of potential flow introduces an energy losssipative. Dissipative flow for the mixture films has been
mechanisnt? The role of *He impurity could be to reduce previously observed in persistent current decay
the energy necessary to create a vortex in the presence pfeasurements;*®and in heat conductivity measureméfits
superfluid flow?®?! or to facilitate vortex depinning. The and has been interpreted as being caused by free vortices
case of*He-*He films in the temperature range between 0.3persisting to temperatures below the superfluid transition.
and 0.7 K differs from the case of bulk mixtures by the factOur data also indicates that the observed dissipation is linear
that the®He bound to the vortices and carried away can ben 3He concentration.
replenished from the vapor.

One has to note that the effect discussed above is different
from the other®He-induced reduction in the effective ther-
mal conductance dofHe through refluxing. It is well known The authors acknowledge the assistance of Ralf Heilmann
that adding small amounts 8He into a cell which contains and Shilpa Jain in taking synchrotron data. This work was
superfluid®He and a fill capillary reduces the heat load. In supported in part by NSF Grant No. NSF-DMR-95-23281.
this case,®He in the gas phase impedésle vapor from Research was carried out in part at the National Synchrotron
fluxing back into the cell after evaporating at a higher tem-Light Source, Brookhaven National Laboratory, which is
perature, and does not affect the film flow directly. supported by the U.S. Department of Energy, Division of

An estimate for the helium film flow rate can be inferred Materials Sciences and Division of Chemical Sciences under
from the®He/*He mixture thinning data. The assumptions for Contract No. DE-AC02-98CH10886.
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