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We report on an experimental observation of self-organized criticalityHe very close to its
superfluid transition. A constant temperature gradient, independent of the heap fthrough the
sample, is created along a vertical column tie by applying heat to the top of the column.

This constant temperature gradient equals the gravity-induced gradient in the superfluid transition
temperature, indicating that the thermal conductivity of the sample has self-organized. The closeness
to criticality in this state is the same throughout most of the sample, and it depends orfly on
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PACS numbers: 67.40.Kh, 64.60.Ht, 64.60.Lx

In this Letter we report on an observation of self-that permits heat transport measurements much closer
organized criticality (SOC) in the thermal conductivity to criticality than is otherwise possible in the presence
« of “He near its superfluid transition. Self-organizationof temperature and pressure gradients. This is one
has been observed in several other physical systems negpecific example of self-organization, which is possible in
criticality, and is thought to be important in a wide systems with a divergent thermal diffusivity, as discussed
realm of phenomena [1]. While other observations ofoy Carlsonet al.[7]. Machta et al.[8] applied this
SOC have occurred in systems which exhibit hysteretic otheory to “He and predicted that it should self-organize
“avalanche” behavior [2], the self-organization reportednear its superfluid transition. Recently, Ahlers and Liu
here occurs near the continuous, nonhysteretic phag@] determined the conditions which would permit the
transition to superfluidity in*He [3]. We find that the experimental observation of this self-organization.
self-organized state ifHe facilitates a new technique for ~ To produce self-organization, heat is applied to the
nonequilibrium measurements very close to the superfluitbp of a vertical column of helium in order to create
transition. The nature of this self-organization may bea temperature gradier®¥7 along the same direction as
understood by employing a simple model which relateghe gravity-induced gradient in the sample’s superfluid
the temperature at which the system self-organizes, to theansition temperatur&7T,. VT, is a constant, equal to
thermal conductivity ofHe and the depression of the 1.273 wK/cm near saturated vapor pressure (SVP) [5],
transition temperature due to a heat flux. resulting from the pressure dependenceTgf and the

The study of transport properties close to a continuousydrostatic pressure variation along the height of the cell.
phase transition is difficult because the out-of-equilibriumThe heat flow equation 87 = —Q/«(Q,t), wheret =
situation required to observe the properties generates griF — T.(Q,z)]/Tyo is the reduced temperatur@,, =
dients in the properties themselves. This inhomogeneouks1768 K, and T. is the temperature at whick appears
situation rounds the sharpness of the transition undeo diverge. This equation can be integrated to produce
study and limits the accuracy with which the measuremena profile of z, a measure of the proximity to criticality,
may be made [4]. Such problems are reduced in systenthroughout the sample. In the case where the sample
which support transport without a gradient in the associis being heated from the top in the range @f we
ated thermodynamic potential. Examples include superinvestigated, the solution for always approaches a
fluid *He and“He, which allow heat transport without an constant valuezsoc, throughout the normal fluid part of
associated temperature gradient in their superfluid phasthe sample. WheR: = 0, « is also constanty7T equals
In the normal phase the gradient appears, making cor¥T,, and the heat flow equation becomes
clusive measurements of transport properties through the
transition difficult. A second inhomogeneity is created by 1ol
Earth’s gravity which produces a static pressure gradient, VT’
and hence a gradient in the superfluid transition tempera-
ture, across the sample [5]. where tsoc = [Tsoc(Q,z) — T.(0,z)]/Tro for all z.

Onuki predicts that these two different sources ofThe observed divergence @&f as: approaches zero [4]
inhomogeneity can effectively offset one another, causingmplies that larger values of result in a smallersoc.
the helium to remain at a constant distance from criticalityThus Eq. (1) implies a single experimental path ondhe
within its normal phase [6]. This results in a homogeneityT plane which was calculated in Ref. [9].

1)

k(Q,tsoc) =
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The cryostat used for this study is similar to onewith the helium maintained a.K below its superfluid
described earlier [10]. A sample of helium is contained intransition temperature. Any response of a thermometer
a 7.4 mm tall, 2 cm diameter cylinder wifi0 wm thick  to this test indicated an unwanted link between the
Vespel [11] walls and aluminum end caps (Fig. 1). Thethermometer and top heater that bypassed the helium.
temperature at three locations in the cell is monitored wittResults from this test were used to correct the data taken
three paramagnetic salt thermometers that provide sulthroughout the critical region (much closer 1) and
nano-Kelvin resolution nedf) [12]. These thermometers demonstrated that variations in the stray heat currents
are thermally connected to the helium through um  were no more than 0.01% of the applied heat.
thick copper foils that penetrate the Vespel sidewall. Two methods of thermal control were used to make the
This thickness of the sidewall probes is minimized toSOC measurements. Method 1 allowed the sample tem-
achieve the best spatial resolution along the height of thperature to drift slowly upward by slightly decreasing the
helium sample, while still maintaining an adequate contacheat removed from the cell bottom. This way the en-
area with the®He to achieve sub-nano-Kelvin thermal tire sample could be brought into the SOC state. Figure 2
resolution. To minimize stray heat currents, the entireshows a typical drift through the transition using this tech-
support structure provides a high degree of isolation frormique. In the figure, it is clear that, prior to the formation
unwanted heat sources [13]. of normal fluid in the cell, all three thermometers tracked

The bottom of the cell is connected to a separateeach other because of the near-infinite thermal conductiv-
vapor pressure (VP) chamber throughlZs wm inner- ity of the superfluid. The temperature in the cell at this
diameter stainless steel capillary. The sample pressutéme is indicated by in Figs. 1 and 2. Normal fluid first
is regulated by maintaining the temperature of a liquidformed at the bottom of the cell where the transition tem-
vapor “He interface in the VP chamber slightly abclg. ~ perature was the lowest. As the temperature of the cell
Regulating the VP chamber temperature to withii uK  increased, the interface between normal and superfluid
of its set point throughout the measurements stabilizes moved up the cell toward the lower sidewall probes. As
in the sample cell to within a nK. the interface passed a probe, the associated thermometer

The helium temperature near the top of the cell wasecame decoupled from the superfluid temperature which
monitored with a probe (probe 1) located 1.02 mm belowcontinued to increase. The temperatures of the probes
the top end cap. Another pair of probes (probes 2 antbelow this interface gradually stopped changing (indicated
3) was placed 1.35 and 1.02 mm above the bottonby B) as the reduced temperature profile below the inter-
end cap respectively. The thermometer resolution wagace approached a constant value, consistent with the SOC
about 0.27 nK in a 1 Hz measurement bandwidth. Theondition VT = 0 discussed above. The temperature at
magnitudes of small, stray heat currents in the cell anéach thermometer remained at its respeciiyg: as the
through the support structure were determined by varyinguperfluid continued to warm.
the amount of heat applied to the top of the cell while The SOC condition was satisfied throughout the entire
observing the associated response of the thermometetsll shortly after the interface had reached the cell top
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FIG. 1. A schematic of the experimental cell showing the ; ; 3 ;
locations of the temperature probes and the directions of gravity 00 : 10'00 . 20'00 o

and the applied heat flux. Next to this is a phase diagram of
temperature vs height in the cell (similar to one in Ref. [9])
with four hypothetical temperature profiles shown. Profile FIG. 2. Typical measurement using control method 1 at a
exists when the entire cell is superfluid. Proffleis a typical  heat flux of 482 nW/cn?, showing the temperature profiles
profile that exists when the superfluid interface is betweerof each probe as the interface moves through the cell. The
thermometers 1 and 2. Profil€ results when the interface difference between the SOC temperatures (when the profiles
no longer exists in the cell and the top end plate temperaturbecome horizontal) corresponds to the physical spacing between
equalsTsoc. Profile D comes about when the top end plate the probes. The locations of the example profilés D) from
temperature exceed%oc. Fig. 1 are also indicated in this figure.
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(indicated byC). A further increase in the cell top plate illustrated in Fig. 3. Notice that measurements at lower
temperature pulled the helium temperature away fronvalues ofQ show a more gradual approach into the SOC
Tsoc at the top of the cell, decreasing the conductivityregion, indicating that the quantifisoc(Q) — T.(Q) gets
of the helium in this region. The point of departure larger for smallerQ [9].
from the SOC state then began to work its way down The solid lines in Fig. 3 display the results of a
the cell as the top plate continued to warm. As thisnumerical solution to the heat flow equation using a
point moved downward past probe 7, again started to simple approximation for the thermal conductivity,
increase (indicated b®), causing the final upward bend o 2
in Ty in Fig. 2. In measurements at higher valuesggf k(t) = Kot (2)
the lower part of the cell remained in the SOC state ovewherexy = 12 uW/cmK andx = 0.44. This approxi-
a wide range of cell top plate temperature. Convectiommation for «(z) agrees closely with thermal conductivity
eventually occurred when a temperature difference ofmeasurements by others [14,15] over the ramgx
about10 uK developed across the cell. 1076 <t < 107%. The calculated thermal profiles for
In the SOC state, the temperature difference betweeeach Q displayed in Fig. 3 agree well with the data at
the two closely spaced probé%, — T3) is 46 nK for low Q, but this agreement becomes systematically worse
the data shown in Fig. 2. Given a transition temperatureasQ increases.
gradient of 1.273 uK/cm [5] and the difference in Figures 4 and 5 display the results of our measurements
probe height, the predicted temperature difference isf the SOC state temperature at probe 2 using control
43 nK, which is in good agreement with the data. Themethod 2. Since it was difficult to measufg, precisely,
temperature differencd’; — T, in the SOC state, is each data point is instead referenced to a SOC state
632 nK which agrees well with the predicted temperatureéemperature atQ,. = 100 nW/cm?. To avoid errors
difference of 637 nK. resulting from long term drifts of the thermometers,
The second method of thermal control (method 2) wasneasurements were made at the reference heat flux every
to regulate the temperature of the superfluid in the uppesecond scan. We observed that the apparent drift rate
region of the cell using thermometer 1 to control a heatem the reference temperature was less than'? K/s,
on the bottom end cap. The temperature of the supeindicating good experimental stability in temperature,
fluid (T}) was quasistatically ramped upward at the ratepressure, and heat flux.
of 200 pK/s. This method required that thermometer 1 al- To develop a simple model for this data, we can replace
ways be in contact with the superfluid. Figure 3 displayedhe thermal conductivity in Eq. (1) with the approximation
the temperature of thermometer 2 as the interface movefdr « in Eq. (2) to obtain an equation fogoc,
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FIG. 3. sidewall probe temperatur@, vs the superfluid

temperatureT;, for the different values ofQ shown in the
This figure shows howW, approaches its localsoc

inset.

FIG. 4. SOC temperature data taken with probe 2 over the
entire range ofQ used in this study. Each data point is

after the interface passes the probe. The solid lines displaseferenced to the SOC temperature @t; = 100 nW/cn?.
numerical solutions to the heat flow equation that use théThe dashed curve is a calculation®f{Q) — Tsoc(Q.er) USING
approximate form of thermal conductivity discussed in the text.Eqgs. (6) and (4), respectively. As expected, the data follows the
Each numerical curve is given a single constant offset to fit theaumerical prediction fofT.(Q) closely only for higher values
data on the right side of the figure in the SOC region.

of 0.
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T " ] In conclusion, we have observed the predicted self-
organization of the thermal conductivity ofHe near
its superfluid transition by applying heat to the top
of a sample of helium. The SOC state temperature
was measured for a range of heat flod0 = Q =
6.5 uW/c?. For values ofp > 500 nW/cn?, the SOC
temperature is a direct measuremenf'efQ) and agrees
closely with previous data fof.(Q). Measurements in
the low-Q limit where T.(Q) = T,o, should provide an
accurate means of determinir@Q, rsoc) once the lowo
variation of7.(Q) has been determined experimentally.
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Inserting the definition of the reduced temperature into
Eqg. (3), an expression for the SOC state temperalipe
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