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Heat Capacity Measurements of Atoms and Molecules 

Adsorbed on Evaporated Metal Films 

by 

Thomas William Kenny 

Abstract 

Investigations of the properties of adsorbed monolayers have received great 

experimental and theoretical attention recently, both because of the importance of surface 

processes in practical applications such as catalysis, and the importance of such systems to 

the understanding of the fundamentals of thermodynamics in two dimensions. We have 

adapted the composite bolometer technology to the construction of microcalorimeters. For 

these calorimeters, the adsorption substrate is an evaporated film deposited on one surface 

of an optically polished sapphire wafer. This approach has allowed us to make the first 

measurements of the heat capacity of submonolayer films of 4He adsorbed on metallic 

films. In contrast to measurements of 4He adsorbed on all other insulating substrates, we 

have shown that 4He on silver films occupies a two-dimensional gas phase over a broad 

range of coverages and temperatures. Our apparatus has been used to study the heat 

capacity of Indium flakes, CO multilayers, 4He adsorbed on sapphire and on Ag fllms and 

Hz adsorbed on Ag fllms. The results are compared with appropriate theories. 

The Ge:Ga thermometers that were used in the construction of our calorimeters 

exhibited several interesting properties of their own. An investigation of bias induced 

nonlinearities in these thermometers confirmed some of the theoretical predictions for 

conduction dominated by variable range hopping. These results are discussed in Appendix 

I. An earlier project to produce, detect, and characterize the first continuously tunable far

infrared picosecond pulses is discussed in Appendix II. 
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Oyeryiew and motiyation for heat capacity experiments 

Surfaces play an important role in many processes of great technological 

importance. Yet, the understanding of most phenomena that occur at swfaces is 

incomplete, even at the most fundamental level. Oearly, the development of a complete 

understanding of these phenomena would directly lead to improvements in their 

applications. For this reason, the study of phenomena at swfaces is currently a very active 

field. 

Recent experimental investigations of the properties of atoms and molecules 

adsorbed on solid surfaces have produced many interesting results. The physisorbed 

noble gases are the systems which involve the least complicated interactions. Because of 

the spherical symmetry of the adsorbate and the simplicity of the physisorption interaction, 

complete theoretical descriptions can be formulated and compared with experimental 

results. I 

Experimental measurements of the heat capacity of adsorbates have provided much 

of the thermodynamic information needed for the identification of phases and the transitions 

between them. 2 The subject of this thesis is the extension of such measurements to an 

entirely new collection of substrates. In order to fully motivate this development, it is 

necessary to review the work by others in this field. 

Review of previous measurements 

The earliest measurements of the heat capacity of He mono layers were carried out 

on substrates of sintered copper sponge plated with Argon.3 The complicated structure of 

the Cu substrate provided by this material is smoothed somewhat by the Ar plating. The 

measurements showed the existence of a two-dimensional solid below 3 K, and broad 
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maxima in the heat capacity above 3 K. These maxima were taken to indicate the 

occurrance of a first order phase transition in the He overlayer. 

4He on Graphite 

Exfoliated graphite was found to provide large amounts of surface area per unit 

volume which is composed mostly of basal-plane surfaces. It was anticipated that the 

density of carbon atoms in the basal plane was high enough that low-density physisorbed 

overlayers would experience only slight lateral variations in the binding energy.2 A series 

of early calculations of the He-graphite interaction supponed this assenion.4 For these 

reasons, exfoliated graphite was expected to provide a nearly ideal substrate for 

thermodynamic measurements of physisorbed overlayers. 

An extensive study was carried out of the heat capacity of 3He and 4He adsorbed on 

exfoliated graphite.S The phase diagram of the 4He adsorbed on graphite system is shown 

in Fig. 1. In the following discussion, a monolayer is defined as the coverage at which an 

additional adsorbed atom would be promoted to the second layer, this coverage is 

approximately 0.12 atoms A -2 for He adsorbed on graphite. At coverages greater than 0.08 

atoms A-2, the He forms a hexagonal two-dimensional solid which is incommensurate with 

the graphite substrate. This 'floating' solid then melts to an isotropic fluid at temperatures 

above 3 K, depending on the coverage. The anomalies associated with these melting 

transitions are quite pronounced as shown in the inset to Fig. 1. 

At coverages between 0.08 and 0.05 atoms A-2, the He forms a {3 x {3 

commensurate solid. This commensurate solid melts at about 3 K, producing very large, 

sharp peaks in the measured heat capacity. 
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Figure 1 2-dimensional phase diagram of He submonolayers physisorbed on 

graphite. Typical anomalies associated with the melting of the incommensurate solid are 

shown in the inset Taken from Campbell and Bretz (1985). 
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At coverages below 0.05 atoms A-2, the 4He forms an ideal classical two

dimensional gas at temperatures above 2.5 K. As temperatures are reduced, small, 

rounded bumps in the heat capacity appear at about 1 K. Below the bumps, the heat 

capacity falls to zero. 

A theory of the melting of two-dimensional magnetic systems has been formulated 

by Kosterlitz and Thouless6 and extended to the case of monolayer solids by Halperin, 

Nelson 7 and YoungS (K'IHNY). This theory makes several specific predictions: The two

dimensional solid melts by a two-stage process~ In the first stage, bound dislocation pairs 

are thermally excited, and become unbound at a certain temperature. After the unbinding of 

the dislocations, the fluid has no long-range positional order, but retains long-range bond

orientational order. This ordered fluid, known as the hexatic phase, gradually becomes 

isotropic through the unbinding of disclination pairs, which occurs at a higher temperature. 

Measurements of the temperature dependence of the heat capacity in such a system should 

reveal two separate continuous melting transitions. 

Other mechanisms for the melting of the two-dimensional solid have been 

proposed. In particular, it has been suggested that the melting can occur due to the 

formation of grain boundaries between differently oriented solid crystallites.9 Since the 

free energy for the formation of such boundaries decreases with temperature, there should 

exist a temperature at which the boundaries become energetically favorable, leading to a 

first-order transition directly from a hexagonal solid to an isotropic fluid. 

The melting of the high-density incommensurate He monolayers on graphite was 

expected to be a test case for melting in two-dimensions. A careful investigation of this 

transition was carried out, and the melting peaks were shown to be broadened by 

inhomogenities in the graphite substrate.lO An analysis of the inhomogenities was used to 

deconvolve the intrinsic melting peaks from the observed peaks. The intrinsic peaks were 
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then compared with the predicted widths for KTHNY and grain boundary-mediated 

melting. On the basis of this comparison, the authors concluded that the peaks were too 

sharp to be of the KTiiNY type, and that the melting process must be of first order. 

Subsequent calculations of KTiiNY melting have shown that narrower peaks are possible, 

and that the identification of the melting transition on the basis of the heat capacity data is 

not possible. II 

The melting of the intermediate coverages has been shown to be consistent with 

theoretical calculations within three-state Potts models, in which melting occurs by motion 

of the atoms among the normally unoccupied sites in the {3 x {3 overlayer.I2 

The low coverage data can be accurately fit at temperatures above 2 K by quantum 

mechanical second-virial coefficient corrections to the ideal gas law which are appropriate 

for bosons.l3 Below 2 K, these corrections predict continued upward deviations in the 

heat capacity, which are not consistent with the experimental results. Recent measurements 

of the binding energy for He on graphite as a function of position on the graphite surface 

have shown that the lateral variation, or "corrugation", in the binding energy is 

considerably larger than originally thought 14 This corrugation gives rise to a complicated 

single-particle dispersion relation for He moving across the surface of graphite. In 

particular, a large band gap appears at about 11 K in the density of states, and it is this gap 

which causes the observed bumps in the heat capacity. IS Models which completely ignore 

adsorbate-adsorbate interactions in favor of adsorbate-substrate interactions have been used 

to calculate the heat capacity of He on bare graphite with good agreement up to coverages 

approaching 1/3 of a monolayer. 
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At very low coverage, the experimental results can be fit by models which assume a 

collection of independent harmonic oscillators.S The physical picture is one of He atoms 

oscillating within specific sites on the graphite substrate, perhaps at the grain boundaries. 

3He on mphite 

Monolayers of 3He exhibit the same behavior as monolayers of 4He at coverages 

above 0.05 atoms A -2 and temperatures above 0.5 K. At coverages below 0.05 atoms A -2 

and temperatures below 1.5 K, the measured temperature dependence of the heat capacity 

deviates downward from the ideal gas limit These deviations are accurately fit at 

temperatures above 1 K by quantum mechanical second-virial coefficient corrections to the 

ideal gas law which are appropriate for fermions. At lower temperatures, magnetic 

ordering phenomena dominate the measured heat capacity. 

Other noble gases 

· The phase diagrams of the remaining noble gases adsorbed on graphite have also 

been thoroughly investigated. For the case of neon, a two-dimensional triple point is 

observed at 13.5 K, indicating the presence of two-phase coexistance.l6 For Neon 

graphite, the two-dimensional solid is bound, leading to the formation of islands. This is 

in contrast to the case of He on graphite, for which the solid phases spread to fill the 

available area, and two-phase coexistance is not observed. At coverages above those of the 

triple point, the compressed incommensurate monolayers of Ne exhibit melting peaks 

similar to those of the incommensurate overlayers of He. 

Monolayers of Ar on graphite have been widely studied.l7 Recent high-resolution 

heat capacity measurements at submonolayer coverage have shown a small, sharp peak, 

followed by a large, broad peak at higher temperature. IS These results have been 

interpreted as evidence for first-order, triple-point melting followed by a remnant of the 
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hexatic-isotropic transition, or as consistent with the two-stage KTifNY melting. Since the 

K1HNY theory does not predict the widths of the melting peaks, the observed sharpness 

of the first peak is not necessarily evidence for a first-order transition. Synchrotron x-ray 

experiments have shown evidence for continuous evolution of the correlation lengths in the 

vicinity of the peaks in the heat capacity, and are consistent with the predictions of 

KTHNY.19 At coverages near monolayer completion, the observed melting transition is 

consistent with the prediction for continuous melting transitions. 

Monolayers of Kr form strongly bound commensurate solids whose melting 

transitions are well fit by lattice models. At coverages near monolayer completion, the 

melting transitions are very broad, and have not been fit satisfactorily by theory. 20 

Monolayers of Xe have received great attention. The Xe forms a triangular 

incommensurate solid on graphite over a broad range of coverages. Synchrotron X-ray 

scattering shows that the submonolayers melt by a first order process, but at higher 

coverages, the transition becomes continuous. 21 Two consecutive peaks are observed in 

compressibility measurements of the continuous transition, and the results are consistent 

with the K1HNY theory.22 The hexagonal order of the graphite substrate is assumed to 

contribute to the formation of the hexatic phase, but sophisticated analyses of the diffraction 

patterns indicate that the Xe-graphite hexagonal-ordering interaction is not strong enough to 

explain the results. Synchrotron x-ray studies ofXe adsorbed on Ag(lll), which has a 

considerably weaker substrate ordering field, have reproduced all the details of the Xe 

adsorbed on Graphite phase diagram, providing strong evidence for the intrinsic nature of 

the hexatic phase in Xe monolayers.23 However, recent heat capacity measurements of Xe 

adsorbed on graphite find evidence for only a single, first-order transition.24 
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Para-H2 

Molecular hydrogen, because it is lighter and more polarizable, is an interesting 

adsorbate to compare with helium.25 The hydrogen molecule exists in two nuclear spin 

states. Para-H2 has an antisymmetric nuclear spin wave function and a symmetric spatial 

wave function, and ortho-H2 has the opposite. At room temperature, the population is 

evenly divided between the four states of the nuclear wave function, the anti-symmetric P

state being a triplet, and the symmetric S-state being a singlet When cooled and placed in 

the presence of inhomogeneous magnetic fields, such as near magnetic atoms, the ortho-H2 

states decay to the para-H2 ground state. For studies of adsorbed monolayers, para-H2 has 

been most widely investigated because of its similarities and differences with 4He. 

Mono layers of para-H2 can be prepared by mixing with paramagnetic salts prior to 

the adsorption on the substrate, or by allowing it to decay into the para state on the cold 

substrate. Investigations of the nuclear spin states after adsorption on graphite have shown 

that it instantaneously converts to para-H2. 26 Similar experiments on Ag substrates have 

given conflicting results. 27 The rapid conversion on some substrates may be due to the 

presence of magnetic impurities on the surface. 

Submonolayers of para-H2 on graphite have been investigated with heat capacity 

measurements28,29 and, more recently, with low energy electron diffraction (LEED).30 

The heat capacity measurements show a phase diagram similar to that of 4He, with the 

transitions shifted to 4x higher temperatures because of the stronger adsorbate-adsorbate 

interactions. 

Other substrates 

A number of other substrates have been used for thermodynamic investigations of 

physisorbed mono layers. Magnesium oxide smoke, which is prepared by burning 
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magnesium in air, rapidly sealing the ashes in a canister, and baking under vacuum at 900 

C, has uniform surfaces with square symmetry. The binding energy for 4He on MgO is 

more corrugated than graphite, driving the formation of rectangular commensurate solids. 

Mylar, Mica, and other layered materials have been used, but difficulties in preparation and 

characterization of clean, uniform surfaces has been difficult. 

Some variability in the characteristics of graphite can be obtained by plating with 

one or more solid monolayers of a heavy noble gas prior to He adsorption) I The heavy 

noble gas forms an inert, incommensurate solid that partially smooths the variations in the 

He-graphite interaction. A study of the effects of plating on the behavior of 4He 

submonolayers showed evidence for reductions in the corrugation of the binding energy. 32 

Additional evidence for nucleation of solids near defects in the plating layer complicates the 

interpretation of these results. 

Motivation for this work 

As described above, the characteristics of the substrate and the interaction with the 

adsorbate often have important effects on the behavior of the adsorbate. In many cases, 

defects, impurities, or grain boundaries were responsible for broadened phase transitions. 

The corrugation in the adsorbate-substrate binding energy drives the formation of 

commensurate solids, introduces band-structure effects, and greatly increases the 

theoretical sophistication required to model the experimental results. The relatively small 

number of substrates available for studies of this type has prevented a systematic 

experimental study of substrate-induced effects. 
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Metallic substrates 

The large coiTUgation in the adsorbate-substrate binding energy of insulating 

substrates arises because the electrons near the surface are highly localized. Metallic 

substrates are known to provide approximately one order of magnitude reduction in the 

corrugation because of the de-localized nature of many of the electrons in metals. 33 

Unfortunately, these de-localized electrons also contribute strongly to the low-temperature 

heat capacity of metals, which must be subtracted in the experimental measurement of the 

heat capacity of the adsorbate. Porous metallic substrates can be fabricated with large 

surface-to-volume ratios, but the resulting surfaces are a complicated assortment of crystal 

orientations, and are difficult to clean and characterize. Another method, which has been 

applied in this case, is to use well-oriented metal films deposited on materials with very 

small low-temperature heat capacity. 

This group has been heavily involved in the development of infrared composite 

bolometers for experimental investigations of the mm-wave cosmic background. Detectors 

of this type are the most sensitive broadband detectors of far-infrared radiation. The 

requirements for the construction of sensitive detectors of this type are extremely low-heat 

capacity substrates, responsive, low-noise resistance thermometers with low heat capacity, 

and well-defined but weak thermal contact with a temperature reservoir. To convert a 

composite bolometer with these characteristics into a sensitive calorimeter, a method for 

applying a known quantity of heat must be added. For simplicity, we have chosen to use 

evaporated metallic films as resistive heaters for this purpose. The great sensitivity of these 

structures to absorbed infrared radiation is then translated into great sensitivity to changes 

in heat capacity. 

The calorimeters are coated on one surface with a - lOOOA evaporated film, which 

serves as the substrate for physisorption of 4He. One important feature of this approach is 
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that it allows investigations on a wide variety of adsorption substrates in the same 

apparatus. In particular, it allows metallic substrates to be used for the first time. 

Film uniformity 

As described above, the uniformity of the adsorption substrate is very important 

Since the metallic film used on these calorimeters cannot be single-crystal, and is not 

cleaned after deposition, there is some concern as to its uniformity. Rough Ag films 

evaporated on low-temperature surfaces have been widely investigated for their 

contribution to large enhancements in the Raman signals obtained from adsorbed CO 

molecules. Recent scanning tunneling microscopy (STM) investigations of Ag films 

condensed on room-temperature sapphire substrates have shown them to be composed of 

(111) crystallites, approximately 500 A in extent, separated by compact boundary regions 

as shown in Fig. 2. 34 These crystallites are comparable in size to the crystallites in 

exfoliated graphite. Sophisticated in-situ characterization of the surfaces used in these 

experiments is not possible because of requirements for shielding from room-temperature 

radiation. 

A series of experiments on 4He submonolayers adsorbed on these Ag films have 

been completed and is described below. Those measurements show no evidence for 

corrugation or defect-induced effects. The absence of such effects in those measurements 

should be taken as strong evidence that these films are highly uniform to 4He 

physisorption. 

Goal of the study 

There have been many measurements of the thermodynamics of mono layers 

adsorbed on graphite and related substrates. We have measured the properties of films 
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Figure 2 Scanning tunneling microscope profile of Ag film deposited on sapphire at 

room temperature, from Gimzewski, et al (1985). 
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adsorbed on metallic substrates in an attempt to understand the role of the substrate in 

determining the behavior of the adsorbate. In the range of temperatures accessible to our 

apparatus, 4He and para-H2 monolayers exhibit interesting characteristics. The nature of 

the solid phases and their melting transitions are of obvious interest The behavior of these 

monolayers in the presence of the metallic substrate is expected to differ from that observed 

on insulating substrates. In particular, we expect the metallic substrate will provide a less 

corrugated physisorption environment The reduction of the corrugation will certainly 

affect the commensurate phases. Other changes in the character of the substrate may affect 

the formation of the commensurate solids. Since experiments on metallic substrates have 

not been performed before, there will likely be a number of unexpected results. It is this 

possibility for the exploration of new phenomena that was the principle motivation for these 

experiments. 
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Si~nallnojse ratio for jdeal ac calorimeters 

Choice of Measurement Technique 

The technique chosen for heat capacity measurements depends on the intrinsic time 

constants of the calorimeter. For calorimeters constructed with exfoliated graphite or other 

porous adsorption media, the internal thermal time constants can be 102 to 1Q3 seconds. 

For this reason, the heat capacity of many adsorbed monolayer systems has been measured 

by slow adiabatic techniques. 

In our experiment, the heat capacity of the calorimeter is made very small so that the 

contribution of the adsorbate can be detected. At the same time, the thermal conductance to 

the heat sink must be large enough to allow measurements near the minimum operating 

temperature of the cryostat. The resulting thermal time constant of our calorimeter is 

between 100 s and IQ-3 s, so is appropriate for ac calorimetry .1 

Calorimeter Optimization 

In order to optimize the measurement, we consider an ideal calorimeter with heat 

capacity C isolated from a heat sink at temperature To by a thermal conductance G. The 

calorimeter has a calibrated thermometer with resistance R(T) and a heater with resistance 

RH. It is assumed that the internal time constants of all elements of the calorimeter 

including the thermometers are much shorter than C/G. 

Under normal operating conditions, the thermometer is biased with a de current I= 

VocfRT, and the heaters are biased with an ac voltage VH at frequency OJ/2. The 

temperature of the calorimeter oscillates at the frequency ro with amplitude 



(1) 

Due to the temperature dependence of the resistance, the voltage across the thermometer 

oscillates with amplitude V AC = VocaTAc where a is defined as dlog(RT)(c)T. When 

roC/G>> 1, the heat capacity can be deduced from a measurement of V AC· 

We can calculate the errors induced in the measured signal from fundamental noise 

sources. Johnson noise in the thermometer has a spectral density2 

(2) 

where kB is Boltzmann's constant. 

Energy fluctuations also contribute to the noise in a calorimeter. These arise from 

the statistical fluctuations in the rate of arrival of phonons from the heat sink and are also 

known as phonon noise.3 Because of the temperature dependence of the resistance of the 

thermometer, these fluctuations contribute to the voltage noise. The resulting voltage 

fluctuations have a spectral density 

(Vp)2 
4 kB T2 G (Voc a)2 

(roC)2 + (G)2 
(3) 

The voltage fluctuations (2) and (3) are statistically independent and their spectral 

densities are additive. The ratio of noise voltage to signal voltage is 

(4) 
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To optimize the sensitivity of an ac calorimeter, the ratio of noise to signal is 

minimized subject to some two experimental constraints: 

1) The maximum permissible amplitude of the oscillation, TAc, which sets the 

temperature resolution, is determined by the experiment to be done. This constraint is 

introduced by replacing ((roC)2 + (G)2) in Eq. 6 with (VH2f2TAcRH)2. This leaves the 

ratio ( 4) in the form 

(5) 

2) The temperature of the calorimeter is also specified by the measurement to be 

done. Therefore, the temperature difference between the calorimeter and the heat sink 

determines the maximum total measurement bias power in terms of the thermal 

conductance to the heat sink. 

(6) 

Here, ~TH = VH2f2RHG is the time average temperature rise due to the ac bias on the 

heater, and ~TB = Voc2/RT<J is the temperature rise due to the de bias on the thermometer. 

With these substitutions, Eq. 4 takes the form 

(7) 

Of the terms in the parentheses, only ~TB, ~TH, and a can be freely adjusted. The other 

terms in the parentheses are detennined prior to the measurement. In principle, one can 
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improve the sensitivity at a particular temperature by choosing thermometers with very 

large a. However, rapid variations in the resistance of the thermometer with temperature 

can make measurements over a broad temperature range exceedingly difficult In practice, 

values of a of order 1 K-1 provide a compromise between sensitivity and versatility. 

Given values ofT, TAC· and a, the expression in the parentheses can easily be 

minimized subject to the constraint of Eq. 6. The appearance of G in the denominator of 

Eq. 7 indicates that the noise in an ideal calorimeter can be reduced arbitrarily by increasing 

G. For non-ideal calorimeters, however, the limits imposed by internal time constants 

within the calorimeter must be considered. As Eq. 1 shows, when G is increased, V AC 

becomes independent of C unless ro is also increased. Internal time constants in real 

calorimeters set a limit to the highest frequencies at which Eq. 1 can be used. Internal time 

constants can arise from electrical RC effects, or thermal relaxation within the elements of 

the calorimeter. A much more detailed thermal analysis would be required to interpret data 

at frequencies comparable to the inverse of the internal time constants. 

Further limits to the sensitivity of an ac calorimeter are imposed by the accuracy of 

the devices which record the electronic signals from the experiment. At present, 16-bit A-D 

converters are commercially available for most computers, and 18-bit devices are starting to 

become available. 

Finally, the presence of slow thermal drifts can reduce the accuracy of 

measurements that depend on the difference between heat capacities measured at different 

times. Bee~ use of the strong temperature dependence of the heat capacity of the 

calorimeter, variations in the temperature of the calorimeter will appear as large variations in .. 

signal. As a result, active thermal regulation of the calorimeter is necessary. The accuracy 
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and stability of the regulation scheme must be optimized to minimize its contribution to 

measurement noise. 

In summary, we have seen that the sensitivity of an ideal calorimeter can be 

arbitrarily increased. Practical limits to the sensitivity are imposed, however, by the 

internal time constants of the calorimeter, the accuracy of the ADC, and the stability of the 

thermal regulation. For the calorimeters described in this repon, it is usually the case that 

for operation at frequencies just below the internal relaxation frequencies, the sensitivity is 

limited by the accuracy of the thermal regulation. Nevertheless, enough sensitivity has 

been obtained to detect a small fraction of a monolayer of 4He adsorbed on the metallic 

surface of the calorimeter.4 
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Experimental Apparatus 

Calorimeter 

The design of the calorimeter used in these experiments is based on that of a 

composite bolometer which is the most sensitive available direct detector of far-infrared 

radiation. I A bolometer operates by measuring the temperature rise induced by the 

absorption of radiation. In attempting to improve the sensitivity of composite bolometers, 

workers have developed resistance thermometerS with low noise, low heat capacity, and 

high sensitivity. These advances have been incorporated directly into the design of the 

microcalorimeters described here. A composite bolometer can be converted to a calorimeter 

by attaching a resistive heater. The heat capacity can then be calculated from the absorbed 

power and the temperature rise. 

A drawing of the calorimeter is shown in Fig. 3. The calorimeter is constructed on 

a 125 J.Lm sapphire substrate which has been optically polished on one surface. The use of 

thinner substrates would provide more sensitivity, but would make the calorimeters more 

fragile. Sapphire has been chosen as the substrate material because of its small heat 

capacity at 4He temperatures. A pair of commercially available NiCr films deposited on Si 

wafers serve as resistive heaters.2 Six leads of25J.Lm diameter Cu wire, two thermometers 

and two heater packages are attached to the substrate with an Ag-filled conductive epoxy) 

The Cu leads provide the thermal conductance to the heat sinks. Two heaters are required; 

one is used to apply the AC power, and the other is used to actively regulate the average 

temperature of the calorimeter. In principle, a single heater could be ac and de biased 

simultaneously. This can complicate the measurement, because it would induce an 

oscillation at half the measurement frequency, whose amplitude depended on the regulation 

current Because of nonlinearities in the thermometer resistance, as well as electrical cross-



Ge:Go 
Thermometer 

Sapphire 
Substrate 

I 
Evaporated 
Silver Film 

Cu Leads 

~2mm~ 

Figure 3 Schematic drawing of the calorimeter used in these studies. The Ge:Ga 

thermometer, NiCr heaters and Cu wires are attached to the back of the sapphire substrate 

with conductive epoxy. Ag films are deposited in situ on the front of the sapphire. 
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talk, some distortion of the sigllal at the measurement frequency might result For this 

reason, two separate heaters are used. 

The thermometers are made from single crystal ultrapure Ge which has been doped 

with Ga acceptors and compensated with As donors to the concentrations shown in Table 1 

by neutron transmutation (NID). The preparation of these thermometers is described 

elsewhere.4 They are useful in this application because of their low heat capacity and large 

a. Electrical contacts which contribute no excess noise are made by B+ ion implantation 

and Au/Cr metallization. Thermometers as small as (l00J.1m)3 have been fabricated with 

resistances that are compatible with the current and voltage noise of commercially available 

preamplifiers. 

The temperature dependence of the resistance of the thermometers is measured for 

each calorimeter before installation in the UHV system. The calorimeters are submerged 

directly in liquidAHe, which is slowly cooled from 4.2 K to 1.4 K by pumping the bath. 

The vapor pressure over the liquidAHe is monitored by a capacitance manometer. The 

resistance of the thermometer and the vapor pressure of the liquidAHe are recorded 

manually at several points throughout this temperature range. The temperature dependence 

of the resistivity for all of the thermometer types used in these measurements is shown in 

Fig. 4. We have verified that the resistance of the thermometers does not change as a result 

of thermal cycling by repeating several of the calibrations. 

Despite their many advantages, some properties of these thermometers cause 

difficulties with the measurement 5 The dominant conduction mechanism in these materials 

. at 4He temperatures is variable-range hopping. This mechanism has been carefully studied, 
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Table 1 

Dopant NID-1 NID-2 NTD-3 NTD-4 

Ga 2.21xl015 4.41x1Q15 6.62x1Q15 9.94x1Q15 

As 6.28x10l4 1.26x1Q15 1.89x1Ql5 2.83xl015 

Se 9.2x1Ql3 1.6x1Q14 2.5x1Q14 3.8xl014 

Na-Nd 1.49x1Q15 2.99x1Q15 4.48x1Ql5 6.73x1Q15 

Table 1 Dopant concentrations in the NTD samples used in this study. All other 

impurity concentrations are below 1Ql3. All concentrations in cm-3. 

both experimentally and theoretically. The resistance is a function of both the temperature 

and the applied electric field. Because of the field dependence, resistivity measurements 

must be made with either very small electric fields, or exactly the same fields as used for 

calibration. Tune constants in excess of lQ-2 s due to weak electron-phonon coupling have 

also been observed in variable range hopping systems.6,7 Experiments on NTD Ge doped 

to NA = 1Ql6 cm-3, however, have shown no evidence for internal time constants at 

frequencies as high as 1Q3 Hz. In addition, the electric field effects are less significant in 

more heavily doped thermometers, as less voltage is required to achieve a given bias 

power. All of these results are discussed at length elsewhere.5 We have assembled many 

calorimeters with heavily doped NTD thermometers and, with care, obtained reliable 

results. 
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Figure 4 
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XBL 885-7424A 

Plots of the log of the resistivity of all four thennometers measured as a 

function of (Temperarure)·l. 
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The thermal time constant of each calorimeter must be measured to verify that, at the 

measurement frequency, the signal is directly related to the heat capacity. A fixed ac heater 

bias and de thermometer bias are applied to the calorimeter. The amplitude and phase of the 

voltage oscillation of the thermometer are then measured as a function of the frequency of 

the oscillation and compared with the relation 

T _ PAC 
AC- G . C +l(J) 

(8) 

where G is the thermal conductance to the heat sink, and PAC is the amplitude of the 

oscillating bias power. The product of the amplitude of the voltage oscillation and the 

frequency of oscillation is plotted as a function of oscillation frequency in Fig. 5. In such a 

plot, the acceptable operating frequencies are on the plateau of the curve. For the figure, 

the acceptable frequencies are between 300 Hz and 1 kHz. At higher frequencies, 

additional time constants further steepen the rolloff. For the measurements reported here, 

the capacitance of the heat sinks and the resistance of the thermometers are responsible for 

the additional rolloff. The low heat capacity and high thermal conductivity of the various 

elements used in the construction of the calorimeter insure that the internal thermal time 

constants of the calorimeter are very short. An indirect measurement of the time constants 

of calorimeters of this type was carried out as part of an earlier experiment Infrared 

composite bolometers that were constructed in a manner similar to these calorimeters were 

used to detect far-infrared (FIR) picosecond pulses. The pulse deposits energy into a thin 

Bi film on one side of the substrate, and is detected through the change in resistance of the 

thermometer, which is mounted on the other side of the substrate. A typical oscilloscope 

trace of the response of the detector to such a pulse is shown in Fig 6. Since the FIR pulse 

is very short on the time scale of the figure, the rise time is due to the time constants of the 
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Measurement of the product of the amplitude of the temperature oscillation 

and the frequency of the oscillation as a function of the frequency of the oscillation. The 

plateau indicates the region in which the amplitude of the temperature oscillation is directly 

related to the heat capacity. 
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Figure 6 
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Voltage response of a de-biased composite infrared bolometer to a FIR 

picosecond pulse. The time for the bolometer to reach internal thermal equilibrium is 

several ~. as shown in (a), while the time for the heat to escape through the thermal 

contact to the reservoir is ms as shown in (b). 
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detector and the assorted electronics. From the figure, we can see that the internal time 

constants of such detectors are no longer than several ~· Therefore, ac calorimetry on the 

ms time scale is reasonable with these structures. 

The calorimeter is mounted within an aluminum and stainless steel frame which 

constrains its motion with negligible thermal contact The frame also masks the evaporation 

so that metallic paths from the front surface of the calorimeter to other parts of the apparatus 

do not exist This is important because the calorimeter is always warmer than its 

surroundings, and metallic paths might allow migration of the adsorbed atoms off of the 

calorimeter during the measurement The frame is attached to Cu posts on the mount with 

stainless steel screws. A drawing of the frame and the mount is shown in Fig. 7. Mter 

assembly, the calorimeter, frame and mount are submerged in 4He for thermometer 

calibration. The mount is then attached to the end of the cold fmger of the cryostat with 

stainless steel screws as is shown in Fig. 8. A 12 Jliil Au foil is placed between the mount 

and the cold finger to improve thermal contact 

An earlier mount used layers of teflon tape to ensure thermal isolation between the 

frame and the calorimeter. During heating of the calorimeter to room temperature for 

deposition of fresh, oriented Ag films, the thermal contact through the teflon tape became 

quite large, requiring power in excess of 1 watt to be dissipated in the heater films. After a 

small number of such treatments, the Bi film heaters used in these early calorimeters 

usually became unstable, requiring the construction of a new calorimeter. Removal of the 

teflon tape reduced the thermal contact at high temperatures by 20x. · 
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The calorimeter mount and frame with the calorimeter in place. The 

calorimeter is constrained within the frame, which also serves as a mask for in-situ 

evaporation of clean surfaces. The mount is attached to the cold finger in the UHV system 

and can be cooled to 1.6 K during measurements. 
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4-1/2"' 0.0. Flange 

Figure 8 A cross-section of the Cij'OStat and UHV system. The upper part includes 

storage canisters for the liquid nitrogen and pumped liquid 4He. The lower half is an ion

pumped vacuum chamber, allowing smface preparation and heat capacity measurements at 

pressures as low as lQ-12 torr. The evaporation source, effusion cell, and mass 

spectrometer are mounted on flanges at the level of the sample. Evaporation of fresh films, 

and dosing of the calorimeter with adsorbates take~ place through a series of holes in the 

radiation shields. One of the liquid nitrogen temperature shields can be rotated to prevent 

room temperature radiation from reaching the sample directly during measurements. 
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A radiation shield mounted on the cold finger allows the calorimeter to be operated 

at temperatures as low as 1.6 K. The inside of this shield has been coated with colloidal 

graphite to absorb room-temperature radiation which leaks around the shield and to provide 

additional pumping of background 4He gas. Further reductions in temperature are only 

possible with the aid of better refrigeration, such as with. 3He. 

Low thermal conductance stainless steel coaxial cables are used throughout the 

apparatus. Electrical leads reach the.. calorimeter through a liquid nitrogen temperature 

feed through into the UHV system. Two stages of heat sinks on the mount provide thermal 

isolation for the calorimeter. The heat sinks are made from 1.5 x 10.0 x .08 mm3 Cu plates 

which are attached with Stycast8 epoxy. This epoxy contains small glass spheres which 

insure electrical insulation between flat, metallic surfaces while providing good thermal 

contact9 

At 4He temperatures, the heat capacity of the calorimeter is dominated by the 

sapphire substrate and is proportional to T3. Deviations from this dependence arise below 

2.5 K due to the metallic parts of the calorimeter whose heat capacities have a component ·· 

proportional toT. The heat capacity of the bare calorimeter is measured as a function of 

temperature at the beginning of each experiment After the adsorption of the sample gas, 

the heat capacity is measured again. Subtraction of these two results yields the heat 

capacity of the adsorbed sample. 

UHV system and cryostat 

A cross section of the UHV system and cryostat used in this experiment is shown 

in Fig. 8. The upper half of the apparatus is a stainless steel cryostat which contains 

chambers for liquid nitrogen and liquid 4He. The cryostat is evacuated by a 40 1/s 
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turbomolecular pump, and is also cryopumped by the surfaces of the storage chambers. 

The 4He canister has been wrapped with several layers of aluminum foil, which reduced 

the radiative heat flow to the bath, thereby extending the hold-time of the apparatus. 

The lower half of the apparatus is a commercial ion-pumped UHV system which 

can be evacuated to< 10"9 torr without bakeout when at I'OOm temperature. The outer 

radiation shields are cooled to about 100 K by conduction from the liquid nitrogen storage 

chamber in the cryostat The temperature of these shields can be monitored by measuring 

the resistance of the several Allen-Bradley 15 Kn resistors that are attached to it at various 

locations. The cold finger is cooled to 1.6 K by direct contact with superfluid 4He which 

flows down a thin tube from the cryostat During measurement, the pressure near the 

sample is of order 10-12 torr due to cryopumping on the radiation shields. A shutter in the 

nitrogen temperature radiation shields can be rotated to allow the evaporation of a metal film 

onto the calorimeter substrate. The film thicknesses are monitored by a commercial quartz 

oscillator near the evaporation filament and are typically of order 1000 A. During dosing, 

gas enters a room temperature effusion cell from a stainless steel gas line through a leak 

valve. The pressure within the effusion cell is monitored by an ion gauge. The dosing flux 

can be calculated from the pressure, the dimensions of the cell, and the distance to the 

calorimeter. Since the sticking coefficient is not generally known, adsorbate coverages are 

uncertain, except when they can be deduced from the heat capacity measurement. 

Since bakeouts are unnecessary, low melting point materials such as indium can be 

used between the joints in the radiation shields and in the cold finger. Also, the 

background pressure in the apparatus is only important during the measurement, when 

much of it is very cold. This allows the use of many materials on or near the cold finger 

which are not usually suitable for UHV systems. For example, epoxies32 have been used 

in the construction of heat sinks. Granules of activated charcoal have been attached to the 
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cold finger in several places to improve pumping of background 4He gas. Conductive 

epoxies28 have been used in calorimeter construction. Various infrared absorbers have 

been used to coat the radiation shields which surround the calorimeter. The use of these 

materials has greatly simplified the design and operation of this experiment 

Measurement electronics · 

The electronic system used for this measurement can be described in three sections : 

the ac heater bias, the thermometer bias and readout, and the temperature regulation. A 

block diagram of the entire measurement circuit is shown in Fig. 9. 

The ac heater bias is generated by the reference channel of a lock-in amplifier.lO 

This source was chosen for its excellent amplitude stability and ease of frequency and 

amplitude adjustment The amplitude of the ac bias voltage is measured by the same lock

in amplifier, allowing small amplitude drifts to be removed from the data. This voltage is 

applied to one of the heaters on the calorimeter and produces a temperature oscillation in the 

calorimeter. 

The de bias for the thermometer is produced by three 9 V mercury batteries which 

are connected in series across a 500 kO 10-tum wire-wound potentiometer. The center 

terminal of the potentiometer is attached to a room temperature metal film load resistor in 

series with the cold thermometer. When used to bias a resistance thermometer whose 

temperature is oscillating, this stable current produces a voltage with both de and ac 

components. The de component is directly related to the average temperature of the 

calorimeter, while the ac component is used to calculate the heat capacity. The voltage of 

the thermometer is processed by both a de preamplifier,ll which is low-pass filtered to 
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Figure 9 A block diagram of the electronic system. The ac heater bias is obtained 

from the reference channel of the PAR 5208lock-in amplifier. The de thermometer bias is 

obtained from a series of 9 V mercury batteries and a wire wound potentiometer. The 

amplitude of the induced voltage oscillation of the thermometer is measured by the PAR 

5101lock-in amplifier. The de voltage of the thermometer is amplified by a PAR 113 

preamplifier and then low-pass filtered to remove the ac components. The outputs are 

connected to the ADC channels of the computer and recorded. If the temperature of the 

thermometer drifts during the measurement. the regulation voltage , which is derived from 

the DAC channels of the computer, is fed back to counteract the drifts. 
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remove the voltage oscillation, and by another lock-in amplifier,12 which uses the ac bias 

from the the first lock-in as its reference signal. 

An LSI-11 computer with an ADC-DAC boardl3 is used to record the measured 

voltages and produce the thermal regulation voltage_ which is applied to one of the Bi films 

on the calorimeter. The resolution of the 12-bit DAC on this board is inadequate for the 

temperature regulation. An effective resolution of 18-bits is obtained by dividing one of the 

12-bit DAC channels by 102 and adding it to the other. The voltages are generated by 

separate DAC channels with a common ground, and so neither of the wires leading to this 

heater can be externally grounded. 

The computer program regulates the temperature and collects the data as follows. 

The total de bias applied to the load resistor and thermometer is monitored by one channel 

of the ADC. Another channel monitors the output of the de preamplifier. The computer 

program calculates the average resistance of the thermometer from these two voltages, and 

then calculates the temperature of the calorimeter. The regulation voltage is then adjusted 

by the computer so as to reduce the difference between the measured temperature and the 

specified temperature. Once the temperature of the calorimeter has been within 0.02% of 

the specified temperature for 10 lock-in time constants, the computer begins to record the 

outputs of the two lock-in amplifiers. The heat capacity is given by the following 

relationship between the measured quantities: 

c = Voc a VH2 

2 CO RH V AC 
(9) 

When the signals have been averaged sufficiently, a new temperature is selected and the 

process begins again. This continues until the temperature scan is completed. Typically, a 
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40-point scan takes less than 1/2 hour to complete. This is important, as the experiments 

are limited to 8 hours by the hold-time of the cryostat 
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Constraints of the method 

For all of the systems of interest, the lack of an independent measurement of 

coverage imposes a severe limitation. Desorption measurements in this apparatus are 

difficult because, after the dose, background pressures of the adsorbed atom are quite high. 

Signals due to desorbed atoms are difficult to separate from the drift in background 

pressure. A microbalance-type measurement of the adsorbed mass could be combined with 

the heat capacity measurement through the use of a piezoelectric substrate and some 

modifications in the arrangement of the electrical contacts and support assembly. 

The small ratio of surface are on the calorimeter to vacuum system volume makes 

adsorption isotherm measurements impossible. These measurements have gready aided in 

the location of phase boundaries of adsorbates on porous substrates. 

Diffraction measurements are sometimes used to establish adsorbate coverage. 

Such techniques require exposure of the substrate to a large solid angle of room

temperature apparatus. The infrared radiation from room temperature would prohibit 

operation of these calorimeters at the lowest temperatures, where the physics is the most 

interesting. Also, photon-stimulated desorption would contribute to the instability of the 

coverages. 

The technique can be extended to lower temperatures without sacrifice in 

sensitivity. In fact, as the heat capacity of the substrate becomes smaller, the surface 

sensitivity increases. However, at temperatures below 100 mK, difficulties with internal 

time constants and electrical nonlinearities may become severe, requiring the development 

of another thermometer technology. 
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Measurements 

Baseline 

The heat capacity of the bare calorimeter is measured during each experiment before 

dosing. The calorimeter is composed of a combination of metals and insulators. 

Consequently, the low-temperature heat capacity of the calorimeter is expected to be of the 

form 

C(T) = AT + BT3 , (10) 

where the linear term comes from the electrons in the metallic components, and the cubic 

term comes from the phonons in all of the components. In the temperature range 

investigated, both terms are expected to contribute to the heat capacity. This form of the 

heat capacity can be verified by plotting C{f vs T2, as in Fig. 10. The heat capacity of the 

bare calorimeter should fit a straight line when plotted in this manner. If not, problems 

with the choice of operating frequency, or complications with internal time constants are the 

likely cause of the deviation. The slight deviations from linearity shown in the figure result 

from errors in the calibration of the thermometers at the highest temperatures. 

Indium samples 

In order to demonstrate the performance of this apparatus, measurements of the heat 

capacity of small samples of In were carried out. 

The calorimeters are often assembled with a small (-25 J.J.g) Indium sample attached 

to the back surface. These samples are prepared by trimming the edge of a 0.010 in foil 

with a razor blade. They are weighed in a laboratory microbalance with a resolution of 
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Figure 10 Heat capacity of the bare calorimeter plotted as Cff vs T2. The slight 

deviations from linearity are due to errors in the calibration of the thermometer at the 

highest temperatures. 
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5 J.Lg and then attached to the calorimeter with conductive epoxy. Because of the 

superconducting phase transition in In, there will be a small discontinuity in the heat 

capacity of the calorimeter at 3.41 K. The location and magnitude of the discontinuity is 

routinely studied in the early stages of the characterization of a new calorimeter to verify the 

calibration of the thermometers and the operation of the instrument. 

Expected hysteresis 

Hysteresis in the transitions of type I superconductors has been attributed to 

supercooling below the superconductirig transition. I There is a positive free energy 

associated with the creation of boundaries between normal and superconducting phases in 

the presence of an applied magnetic field. As a result, the normal phase can persist to a 

temperature below Tc. 

Ordinarily, supercooling experiments are carried out by fiXing the temperature, 

applying a magnetic field in excess of the critical field, Hc(T), and then slowly reducing 

the field until the superconducting transition occurs at Happl· In experiments of this type on 

single crystals of In near T c. the limiting value of Happt was found to be 2 

Happl Hc(T) = 0.158 . (11) 

In our experiments, the temperature is varied in the presence of a fixed applied magnetic 

field which is due to the magnetic field of the earth and the ion pumps. Magnetometer 

measurements at several positions around and inside the apparatus indicate an ambient 

magnetic field of about 0.44 Gauss. The greatest amount of supercooling expected in the 

presence of such a field is given by: 
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.,. { Haool 1(1 } 
~'rc = .Lc 1 - [ 1 - 0.158 Hc(O) ] (12) 

The expected upper limit to the supercooling ~'rc of In is about 17 mK. The energy 

required to form superconducting-normal boundaries near defects in the crystal can be 

much less than in a perfect crystal. Such defects can give rise to the formation of 

boundaries which trigger the phase transition for smaller values of~ T c· 

Experimental results 

Figure 11 shows the heat capacity of the calorimeter in the neighborhood of the 

expected superconducting transition of In. Measurements made with both increasing and 

decreasing temperatures are shown. The observed hysteresis indicates a supercooling of 

about 4 mK, which is well within the limits of ideal supercooling in the presence of the 

ambient magnetic field. The amplitude of the discontinuity is consistent with that expected 

for the 25 ± 5 J.Lg of In that was attached to this calorimeter. 

The sharp discontinuities in Fig. 11 occur because of the hysteresis in the phase 

transition. In the absence of hysteresis, the transitions would be broadened by the 1 mK 

temperature oscillation used in the measurement. Figure 12 shows the heat capacity of 

another calorimeter with a different In sample.In this case, the hysteresis is absent, and the 

width of the discontinuity is about 5 mK, which is well in excess of the 1 mK temperature 

oscillation. The absence of supercooling and the occurrence of a broadened transition in 

this sample are probably due to a greater concentration of defects which can nucleate the 

formation. of the superconducting phase. The two In samples investigated here probably 

differ in the amount and type of crystalline defects, although they were prepared and 

mounted in a similar manner. 

4" 



-....... 
I 
0 
T-

X 
~ --J -
~ 
~ ·rs 
ca a. 
ca 
(.) 
~ ca 
Q) 

::I: 

2468--------~--------~------~ 

2461 

2454 

2447 

2440~------~--------~---------
3.410 3.412 3.414 3.416 

Temperature (K) 

XBL 8810-7633 

Figure 11 The hysteresis in the superconducting transition of a 25 ~g In sample on the 

calorimeter. Such hysteresis is typical of the expected supercooling in the presence of a 

small applied magnetic field. 
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Figure 12 The heat capacity of a second In sample attached in a similar manner to that 

in Fig. 11. In this case, supercooling is not observed, probably because of a greater 

concentration of defects which can nucleate the formation of the superconducting phase. 
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The sensitivity of the measurement as illustrated in Figs. 11 and 12 is of order 10-10 

J/K at 3.4 K for a temperature oscillation of- 1 mK. For comparison, the heat capacity of 

0.1 monolayer of adsorbed 4He in the gas phase on one surface of the calorimeter is of 

order 5x1Q-10 J/K. 

He adsorbed on sapphire 

Before exploring the heat capacity of adsorbates on metallic films deposited on the 

front surface of the calorimeter, we undertook a study of the heat capacity of 

submonolayers of 4He adsorbed on bare, optically polished sapphire. This study is of 

practical importance to the operation of composite infrared bolometers that are similar in 

construction to this calorimeter. The added heat capacity of one adsorbed monolayer on 

such a bolometer has never been measured directly, although reductions in bolometer 

sensitivity have been observed upon exposure to small amounts of4He.3 

The sapphire substrates were ultrasonically cleaned in electronic grade 1,1,1-

trichloroethelyene, acetone and methanol prior to assembly of the calorimeter. Mter this 

treatmen~ the substrates were handled only on the edges with stainless steel tweezers that 

were cleaned in the same manner. Bismuth films were deposited on the back surface as 

resistive heaters, and the substrates were then installed in an aluminum frame. Doped 

germanium thermometers and copper wires were attached to the back of the substrate with 

conductive epoxy.4 The entire assembly was baked in air at 100 C for several hours to 

complete curing of the epoxy. The calorimeters were submerged in 4He for calibration of 

the thermometers and then installed in the UHV system. After several days of pumping 

without bakeout, the base pressure of this system is as low as I0-9 torr. Upon cooling of 

the radiation shields to 100 K and the cold finger to 1.5 K, the pressure near the calorimeter _ 

is less than 10-11 torr. Before measurements the calorimeter was briefly warmed to slightly 

above room temperature to remove adsorbed contamination. This temperature is limited by 
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the degradation of the epoxy used to fabricate the calorimeter. No further surface 

preparation was used for these studies. It is probable that water was present on the 

surface. Adsorbed hydrocarbons were also possible. 

At the beginning of each experiment, the h~at capacity of the bare calorimeter was 

measured at a series of temperatures between 1.7 and 4.2 K. Then the front surface of the 

calorimeter was exposed to a beam of 4He atoms from a room temperature effusion cell. 

The pressure in the effusion cell was monitored with an ionization gauge. Since the 

geometry of the cell and the distance to the calorimeter are known, the number of incident 

atoms per unit time is known. Exposures of 5 atoms per square angstrom of sapphire were 

typical. However, an undetermined fraction of the incident 4He atoms adsorb on the 

sapphire under these circumstances, so the absolute coverage is unknown. After the 

exposure was completed, the heat capacity of the calorimeter plus adsorbates was measured 

at the same temperatures as before the dose. The heat capacity of the 4He is obtained by 

subtraction. 

The heat capacity of several coverages of 4He on sapphire was measured. The data 

for three of these coverages are shown in Fig. 13. Since the absolute coverage is 

unknown, the units on the vertical axis are simply J/K for the adsorbed 4He, which is 

spread over the 0.32 cm2 surface area of the front of the calorimeter below 3.3 K. Above 

3.3 K, the heat capacity of the adsorbed 4He decreases with increasing temperature. 

Measurements of the heat capacity at 2 K separated by brief ramps to higher temperatures 

demonstrated that desorption occurs above 3.3 K. The 4He is entirely desorbed from the 

sapphire at 4.2 K. The measured heat capacity below 3.3 K can be interpreted as a 

superposition of two components. One component has heat capacity independent of 

coverage. The heat capacity of this component increases with temperature from 1.8 to 3.3 

K. The second component is independent of temperature but increases with coverage. 
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Figure 13 The heat capacity of three coverages of 4He on sapphire. The heat capacity -

of the bare calorimeter has already been subtracted. The temperature dependence above 3.3 

K is dominated by desorption of the adsorbed 4He. 



A qualitative understanding of these results is possible despite the lack of a well 

characterized substrate. The 4He states with the lowest free energy are laterally bound near 

defects and impurities on the sapphire surface. Higher energy states with lateral mobility 

exist over the rest of the surface. A low coverage of 4He would occupy the lowest energy 

bound states fll'St. Higher coverages of 4He would occupy some mobile states as well as 

the bound states. The heat capacity of a low coverage of 4He would increase with 

temperature due to excitation of atoms within bound states and promotion from bound 

states to mobile states. The heat capacity of a high coverage of 4He would have the same 

contribution from the bound states as the low coverage, plus an additional temperature

independent component due to the mobile states. The sudden decreases in heat capacity 

above 3.3 K occur due to desorption of the 4He. 

A more detailed explanation of these results would require knowledge of the 

distribution of binding energies presented by a partially contaminated sapphire surface. 

Rather than continue studies of4He on sapphire, we have carried out studies of4He on 

evaporated noble metal films. Preliminary measurements of 4He adsorbed on evaporated 

Ag films in this apparatus have seen evidence for a gas phase over a wide range of 

coverages. 5 

CO adsorbed on Ag 

Monolayers of CO adsorbed on Ag films have been widely studied due to the 

observation of large enhancements in Raman signals on cold-condensed films. This 

cryostat was previously used for an investigation of the infrared absorption of CO 

monolayers as a function of the substrate condensation temperature, coverage, and other 

variables. 
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Below 4 K, the heat capacity of a monolayer of solid CO should be proportional to 

T2 and several orders of magnitude smaller than a monolayer of 4He. This is because the 

only excitations available to the CO are long wavelength phonons, and the density of states 

associated with these c::xcitations goes to zero at low energy. However, the heat capacity of 

multilayers of CO~ detectable. We have canied out a series of measurements of the heat 

capacity of CO multilayers adsorbed on room-temperature evaporated Ag films in order to 

investigate the variations which occur as the multilayers become macroscopically thick. 

Measurements 

Multilayers of CO were deposited on the front surface of the calorimeter while the 

temperature of the calorimeter was maintained at -2.5 K. Under these circumstances, the 

CO molecules become physisorbed with probability very close to 1. Therefore, the CO 

coverage after the dose is complete is equal to the total CO exposure during the dose. 

The temperature dependence of the heat capacity of a series of CO coverages 

ranging from 10-80 layers was measured. The measured temperature dependence of the 

heat capacity for each coverage is fitted to a power law and the exponent which provided 

the best fit is plotted as a function of the number of CO layers in Fig. 14. The figure 

shows that for coverages ofless than 20 layers, the heat capacity is proportional to Tl, 

while for coverages of more than 50 layers, the heat capacity is proportional to T3. Errors 

associated with fitting of the temperature dependence of the heat capacity with a power law 

are indicated by the error bars on the figure. 

2-D to 3-D Debye theory 

The heat capacity of a simple two-dimensional insulator can be easily calculated. 

The density of states for phonons in two-dimensions is given by 
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Figure 14 The exponent of the power law of the temperature dependence of the heat 

capacity plotted as a function of the CO exposure, which is equal to the thickness of the CO 

in layers. For thin films, the heat capacity is proportional to T2, and for thick films the heat 

capacity is proportional to T3· 



L2 co . 
D(co) = 

2 
, 

21tv 
(13) 

where L2 is the area of the system and v is the acoustic phonon velocity. This density of 

states is inserted into the integral for the energy, 

E- L2 (. w dw 
-2 1t v2 J exp(hw/kt)+l ' 

(14) 

which, upon differentiation with respect to T yields 

hvffN C = (28.8) N kB (f/8)2 , where 8 = - L2 · 
1t kB 

(15) 

For multilayer systems, phonons can propagate in the third dimension. In phase 

space, these additional phonon modes can be represented as additional sheets of states 

which are offset vertically from kz = 0. The arrangement of phonon modes ink-space for 

such a multilayer system is schematically represented in Fig. 15. The density of states for 

such a system differs from the two-dimensional case at energies above that of the lowest 

energy phonon propagating in the third dimension. At these energies, discontinuities 

appear in the density of states, which is given by: 

L2m COt/21tV 
D(co) = - + L 2i 

21tV2 i=l 
(16) 

where t = the total thickness of the multilayer system. Another way of describing this is to 

note that the wavelength of the lowest energy phonon available in the third dimension is 
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Schematic drawing of the arrangement of the phonon modes for a thin, 

multilayer system ink-space. the lateral spacing between modes is 21t/L, whereas the 

vertical spacing is 21t/t, where Lis the lateral dimension and tis the thickness. 



equal to twice the thickness of the system. For lower energies and longer wavelengths, the 

system only has phonons propagating in two-dimensions. For higher energies and shorter 

wavelengths, the third dimension becomes thermally populated as well, and the temperature 

dependence of the heat capacity exceeds the two-dimensional limit As the thickness 

becomes comparable to the lateral dimensions of the system, the spacing between the sheets 

ink-space approaches the separation between points within the sheets. The multilayer 

density of states associated with this distribution of excitations is shown in Fig. 16 along 

with the two-dimensional and three-dimensional limiting cases. 

Note that, as long as the films are thin and the temperatures are low enough that the 

phonon modes perpendicular to the surface are not populated, the heat capacity of the 

multilayer system is expected to be proportional to T2 and independent of the number of 

adsorbed layers. This is because the changes which occur due to the addition of layers to 

the system only appear in the number of and the spacing between the additional sheets of 

states in k-space. As long as these states are not thermally populated, they should not 

contribute to the heat capacity. Therefore, the prediction of this model is that, for small 

numbers of layers, the heat capacity should be proportional to T2, and independent of the 

number of layers, while for many layers, the heat capacity should be proportional to T3 and 

proportional to the number of layers. 

The expression for the energy of the system obtained from the multilayer density of 

states must be integrated numerically, before the temperature dependence of the heat 

capacity can be calculated. This calculation has been carried out with parameters 

appropriate for bulk solid CO, and the resulting temperature dependence of the heat 

capacity has been again fit to a power law. The exponent which was extracted from these 

fits is plotted in Fig. 14 along with the experimental results. Note that the experimentally 



D(w) 

XBL 893-5064 

Figure 16 Density of states as a function of energy for 2-dimensional. 3-dimensional, 

and thin multilayer systems. The locations of the discontinuities for the multilayer system 

is determined by the thickness of the multilayer. 



observed onset of deviations from T2 occurs at about a factor of 3 higher in coverage than 

the theoretical prediction. 

There is a discrepancy between the locations of the predicted and observed 

deviations from T2 temperature dependence. In addition, it was found that the heat capacity 

of the system near 2 K is proportional to the coverage even when the temperature 

dependence of the heat capacity is proportional to T2. These two discrepancies suggest that 

this simple model is inadequate. 

More complicated models 

It is expected that the first several layers of CO should be compressed due to the 

additional attraction to the Ag substrate. If so, those layers would have a De bye 

temperature higher than the assumed bulk value. The average Debye temperature of such a 

system should gradually approach the bulk Debye temperature from above as the thickness 

is increased. The heat capacity of such a system would increase with coverage but the 

temperature dependence would still be proportional to 'f2. In addition, the appearance of 

thermally excited phonons perpendicular to the surface would be postponed to higher 

coverages. Given a more complete set of data, it would be possible to extract the coverage 

dependence of the average De bye temperature. 

4 He adsorbed on Ag 

In order to fully understand the effects of the graphite surface on the properties of 4He 

adsorbed on graphite, it is necessary to investigate the properties of 4He mono layers on different 

substrates. Measurements on Vycor, MgO smoke, Mylar, and other substrates have been carried 

out, but have been hampered by the difficulties in the characterization of these substrates. Metallic 



substrates are expected to present a more uniform physisorption environment due to the non

localized nature of the electronic wave functions at the metal surface.6 

Because of the widespread interest in Ag films for their role in surface enhanced 

Raman experiments, their structural characteristics have been extensively investigated. 

Scanning tunneling microscopy (STM) has shown fllms deposited on room-temperature 

sapphire substrates to be composed of Ag (111) crystallites of about 500 A in lateral 

dimension, separated by compact boundary regions. 7 Scanning electron microscopy 

(SEM) of the films used in these studies shows 500 A crystallites, and STM studies of 

these fllms are underway. 

Heat Capacity Measurements. 

The measured heat capacity of several coverages of 4He adsorbed on Ag are shown 

in Fig. 17 as a function of temperature between 1.7 and 3.3 K. At the lowest coverages 

investigated, the heat capacity is independent of the temperature. As the coverage is 

increased, the heat capacity is seen to decrease with decreasing temperature. The sensitivity 

of the measurement degrades rapidly with increasing temperature due to an increase in the 

heat capacity of the substrate and a reduction in the sensitivity of the thermometer. More 

accurate measurements above 2.5 K have been made by increasing the amplitude of the 

temperature oscillation. These measurements confirm that the heat capacity is independent 

of temperature between 2.8 and 3.3 K for the two lowest coverages shown. Above 3.3 K, 

desorption of the 4He occurs. The differences in temperature between the calorimeter and 

the heat sinks occasionally induce migration of the 4He off of the calorimeter at the highest 

temperatures of the measurement. The migration usually appears after several cycles of the 

entire apparatus to room temperature, and is attributed to the gradual adsorption of 

contaminants ort the back surface of the calorimeter. Migration can be distinguished from 

desorption because of the return of the adsorbed 4He upon cooling of the calorimeter. The 
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Figure 17 Measurements of the temperature dependence of the heat capacity for a 

series of coverages of 4He on Ag fllm.s. The solid lines correspond to the calculated heat 

capacity of a 2-dimensional non-interacting Bose gas. 
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results described here have been reproduced with several calorimeters which have not yet 

shown effects of migration. 

There are a number of striking differences between these data and those for similar 

coverages of 4He on graphite substrates. The absence of Schottky-type anomalies is taken 

as evidence that the corrugation in the binding energy which occurs on insulating substrates 

is considerably weaker for the case of Ag substrates. This smaller corrugation of the 

binding energy is expected for metal substrates. There is no evidence of the increase in 

heat capacity with decreasing temperatures predicted from the virial expansion of the 

adsorbate-adsorbate interaction, or from a melting transition from the hexagonal 

incommensurate phase that is expected at low temperatures. 8 

There are reasons to expect that the adsorbate-adsorbate interaction will be reduced 

by the electrons in the substrate. The image dipoles which appear below the metal surface 

act to partially cancel the second order attraction due to correlated dipole fluctuations, and 

the electrons near the metal surface induce static dipole moments, which contribute a slight 

repulsion.9 A number of procedures for estimating these effects are publishedl0,11. At the 

average separations typical of the highest coverages investigated here, however, these 

corrections reduce the adsorbate-adsorbate interactions by less than 5%. 

The 4He-Ag attraction is measured to be approximately one fourth as strong as the 

4He-graphite attractionl2,13. It is possible that the Ag surface does not constrain the 

adsorbed monolayer as tightly, allowing the gas phase to persist to higher coverages and 

lower temperatures than on graphite. The classical turning points for the ground state in the 

normal direction for adsorbed 4He are 40% further apart on Ag than on graphite. This 

leads to a 10% increase in the number of spheres with the classical radius of 4He that could 

be packed into a single layer. The only precise theoretical descriptions of thermodynamics 

nl 



in two dimensions which address the normal component of the adsorbate-substrate 

interaction are those which include the excited states in addition to the ground state of that 

attraction9. This contribution leads to a rapid rise in the heat capacity with increasing 

temperature. For 4He on graphite, the excited states are expected to contribute to the heat 

capacity at tempera~s above 6 K. The first excited state for 4He on Ag is calculated to be 

1.9 meV above the ground state, compared with 5.7 meV for graphite, so this contribution 

should appear at temperatures above 2 K. We see no evidence of this contribution at 

temperatures up to 3.3 K. Theoretical descriptions of solidification in two-dimensions do 

not include the strength of the attraction to the substrate, and the importance of this 

attraction for the formation of the two-dimensional solids is unclear. 

Since the signatures of adsorbate-adsorbate or adsorbate-substrate interactions do 

not appear in the data, we compare the results with the heat capacity of two-dimensional 

non-interacting bose gases.14 The energy of the system can be written 

00 

U(t) _ 2mnA. r E dE 
- h2 ~e[~(E- JJ.)]- 1 ' 

(17) 

where A is the area of the two-dimensional system, and J.L is the chemical potential. 

Forcing that number of bosons in the system to be a constant yields an expression for the 

chemical potential, 

2 
J.L = kB TIn [ 1 - e-Nh /2mnAkaT] (18) 

The chemical potential approaches zero at low temperatures. In this limit, the expression 

for the energy (Eq. 17) can be evaluated exactly, and then differentiated to give 
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C(T) (19) 

which is independent of the number of bosons in the system. At such low temperatures, 

nearly all of the bosons are in the ground state, where they do not contribute to the heat 

capacity. At higher temperatures, the restriction on the number of bosons in excited states 

due to finite coverage becomes important, and the chemical potential takes on a finite value. 

As the temperatures are increased, the heat capacity eventually approaches the limit given 

by classical equipartition 

C(T) = N kB. (20) 

The expression for the energy of the two-dimensional bose gas has been 

numerically integrated, and then differentiated to give the heat capacity as a function of 

temperature for several coverages. These results are shown as smooth curves in Fig. 17 

for coverages selected to fit the data. The measured deviations from the equipartition limit 

which occur at lower temperatures are in excellent agreement with the predictions of this 

simple theory even at coverages in excess of 0.5 monolayers, as defined in terms of 

monolayer coverages on graphite. At higher coverages, the measured heat capacity is 

larger than the theoretical prediction, but the effects of adsorbate-adsorbate interactions, 

which are ignored in this model, may be important. 

Stickin~ Coefficient Measurements 

In order to obtain a measurement of the sticking coefficient, the change in heat 

capacity can be monitored while the sample was dosed at several constant temperatures. A 



plot of such data as a function of the exposure calculated from the properties of the effusion 

cell is shown for three substrate temperatures in Fig. 18. At temperatures above 2.5 K and 

heat capacities below 20 x 1 Q-10 J/K, the heat capacity is a measure of the number of 

adsorbed atoms. The coverages estimated in this manner are shown on the right vertical 

axis of Fig. 18. The derivative of the coverage with respect to the exposure is defined as 

the sticking probability. At the lowest coverages, the sticking probability is equal to 1.8 %, 

independent of coverage or substrate temperature. At higher coverages, the sticking 

probability abruptly decreases to about 0.8 %, at coverages less than 0.5 monolayers. The 

coverage at which the sticking probability changes decreases with increasing substrate 

temperatures. 

The calculation of the 4He coverage from the heat capacity measurement relies upon 

the knowledge of the surface area of the Ag film. It is deposited through a mask whose 

area is known to within 5%. Because of the roughness of the Ag fllm, the surface area 

may be somewhat larger than that of the opening in the mask. If the STM measurement16 

of the structure also applies to our films, the area is enhanced by the roughness by only 

1%, and this correction to the area is neglected. 

Discussion 

The measurements of the sticking probability for room temperature 4He atoms on 

cold Ag have a number of interesting features. As shown in the inset in Fig. 18, the 

sticking probability is independent of substrate temperature at very low coverages. If the 

adsorbate energy is initially dissipated through the creation of a small number of substrate 

phonons with energies much larger than kBT for the substrate, only spontaneous emission 

of phonons occurs, and this process should be independent of substrate temperature. 
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Figure 18 Measurements of the number of adsorbed atoms as a function of the number 

of incident atoms for 4He on Ag at various substrate temperatures. The slope of the curves 

shown here is the sticking probability. The lowest coverage data is expanded in the inset. 



Defects or impurities on the Ag surface with greater binding energy than the rest of 

the surface would be expected to freeze out the first adsorbed atoms. In the measurement 

of the sticking coefficient, such effects would appear as a non-zero x-intercept 

corresponding to the adsorption of the first atoms in states with low heat capacity. The 

measured x-intercept is indistinguishable from zero for coverages of less than 1% of a 

monolayer. The occurrance of the ideal gas phase at such low coverages is strong evidence 

that the Ag film is highly uniform for 4He physisorption. 

The appearance of abrupt changes in the measured sticking probability as a function 

of coverage usually implies either solidification in the adsorbed layer, or layer completion 

and promotion into the second layer. Near such structural changes, there are 

corresponding changes in the entropy of the adsorbate, which should appear as large 

anomalies in the temperature dependence of the heat capacity. The absence of such features 

in the measured temperature dependence of the heat capacity rules out these explanations 

for the changes in the sticking probability. Any explanations that would depend on 

inhomogeneities in the binding energy are contradicted by the extreme uniformity of the 

substrate as demonstrated by the appearance of the gas phase at very low coverages. 

Adsorption processes which involve precursor adsorption into excited states and then 

relaxation into the ground states should be independent of temperatures at these 

temperatures. We have no model for this complicated behavior in the sticking coefficient 

We have completed a series of measurements of the heat capacity and sticking 

coefficient of 4He on Ag films. The heat capacity measurements can be accurately fit by 

calculations assuming only a two-dimensional non-interacting bose gas. This is the first 

observation of bose statistics in the thermodynamics of adsorbed monolayers. In contrast 

to similar measurements on graphite substrates, there is no evidence for the formation of 

solid phases at the coverages and temperatures studied. The measured sticking coefficient 
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is independent of temperature and coverage at low coverages, but abruptly drops at 

coverages of about 0.5 monolayers. The sticking coefficient data cannot be explained in 

terms of solidification or layer formation, due to the absence of corresponding anomalies in 

the temperature dependence of the heat capacity. 

H 2 adsorbed on Ag 

Measurements 

Some preliminary measurements of the heat capacity of H2 adsorbed on Ag films 

were carried out These measurements will be repeated and extended to lower temperatures 

and higher coverages between the completion of this thesis and my departure from 

Berkeley. These data were collected manually, and were distorted by electrical 

nonlinearities in the NID-2 thermometers that were used in the calorimeter. A check of the 

R(T) calibrations for these thermometers indicates that, because of the electrical 

nonlinearities, the recorded temperatures are -Q.3 K too high. All of the data reported 

elsewhere in this thesis were obtained with more heavily doped thermometers, and at biases 

low enou-gh that the electrical nonlinearities can be neglected. These calorimeters were 

assembled with less thermal conductance than the later calorimeters and were operated at 

frequencies below 50 Hz, where the internal time constants are not as important The 

temperature dependence of the heat capacity of the bare calorimeter exhibited 10% 

deviations from AT + BT3 at the lowest temperatures investigated and fit well elsewhere. 

A plot of the temperature dependence of the heat capacity for a series of exposures 

or H2 adsorbed on Ag is shown in Fig. 19. At the highest temperature, desorption is 

responsible for the decreases in heat capacity. The upward deviations at the lowest 

temperature may be due to the beginning of solidification. 
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Figure 19 Measmements of the temperatme dependence of the heat capacity for a 

series of coverages of H2 on Ag films. Nonlinearities in the thermometers distorted the 

temperature calibration for this calorimeter, leading to errors on the temperature axis of-

10%. 



The magnitude of the measured heat capacity due to the adsorbed H2 is very large. 

In the range of temperatures investigated, the adsorbed H2 has approximately as much heat 

capacity as the calorimeter! 

A number of interpretations of these data are possible. The results may indicate the 

presence of a multilayer fluid, but H2 solidifies on all other substrates at temperatures in 

excess of lOK. Persistence of the fluid state to below 2.5 K would be a very surprising 

result In has been suggested that H2 could form a superfluid if it could be prevented from 

solidifying at temperatures below 6 K)5 Efforts to supercool fluid H2 to much below lOK 

have failed so far.16 

Another interpretation of these results is that the electrical nonlinearities and internal 

time constants have distorted the measurement Such distortions would be multiplicative in 

nature. The observation of large adsorbate heat capacities would still hold true, indicating 

that something interesting is going on, whatever it might be. A series of reliable 

measurements is certainly necessary and will be carried out. 
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Future measurements 

This apparatus is capable of a number of measurements that are not possible 

elsewhere. In its current form an investigation of the properties of 4He submonolayers on 

various substrates is possible. Gold films can be prepared by evaporation and annealing to 

50 C that are highly uniform. The He-Au attraction is approximately 40 % stronger than 

for Ag, but still substantially weaker than on graphite. It would be interesting to see if the 

properties of He on Au are similar to He on graphite, Ag or somewhere in between. Other 

metals could also be investigated, such as Cu,Pt,Pd,In,... The surface structures for these 

materials are less certain, but STM measurements could also be performed. The 

importance of the uniformity of the substrate could be investigated by studying 4He 

submonolayers on rough (cold-deposited) Ag films. 

All of these investigations could also be carried out for H2 monolayers, pending the 

results of the H2 on Ag experiments still to be completed. 

Possibilities at lower temperatures 

The technique is currently constrained to temperatures above 1.7 K by the 4He 

cooling. Extension to lower temperatures through the use of 3He, dilution refrigeration, or 

adiabatic demagnetization would allow another series of experiments to be carried out. 

Monolayers of4He are expected to exist in a solid phase at 0 K.l At temperatures above 

1.7 K, we have found them to occupy a gas phase, which can be modeled very accurately 

with bose statistics. Somewhere between 1.7 and 0 K, the solidification should occur, and 

an investigation of that phase transition would be very interesting. 

Monolayers of 3He on graphite are described by fermi statistics, but the case on Ag 

substrates may be qualitatively different, as for 4He on graphite. Magnetic ordering 



transitions also appear in 3He monolayers at temperatures near 100 mK, and could be 

studied on non-magnetic substrates (such as Ag) as well as magnetic substrates (such as Fe 

or Ni). For these systems, the freedom to vary the character of the substrate could be 

extremely beneficial. 
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Conclusion 

We have designed and built an apparatus capable of measuring the heat capacity of 

submonolayers adsorbed on evaporated films. The apparatus has been used in a number of 

investigations, and is particularly suited to measurements of 4He submonolayers adsorbed 

on metallic films. Measurements have shown that, in contrast to 4He adsorbed on graphite, 

the 4He monolayers on Ag occupy a two-dimensional ideal gas phase at high temperatures. 

At lower temperatures, the first correction to the ideal classical gas that appears is due to 

Bose statistics. No other adsorbate-substrate combination has been shown to exhibit Bose 

statistics. This result clearly demonstrates the importance of the substrate in studies of this 

kind and illustrates the need for further studies on other substrates. Our approach to 

measurements of this kind allows an investigation of the effects of different substrates, and 

should be extended to lower temperatures. 



Appendjx I Bias indyced nonlinearities in neutron transmutation doped Ge 

.a.t.iHe temperatyres. 

Abstract 

During early attempts at ac calorimetry with Neutron Transmutation Doped (NID) 

Ge thermometers, it was assumed that the resistance of any given thermometer was a 

function of the temperature alone, and that the electrical response was fast enough to follow 

the applied thermal oscillation. These assumptions were correct for the most heavily doped 

N1D thermometers, and for the so-called "Tinkham material" which was used for the first 

calorimeters. These assumptions are incorrect, however, for the lighter dopings typical of 

NID-1 through 3. Carrier transport occurs in these materials by hopping conductivity, 

which gives rise to a dependence of the resistance upon the applied electric field as well as 

upon the temperature. An internal time constants has been observed which is not 

understood, but also may be related to hopping conductivity because of its occurrence in 

other hopping systems. 

Introduction 

Doped single-crystal germanium is widely used in the fabrication of resistance 

thermometers, which operate near 4He temperatures), 2 Under proper conditions, the 

resistivity of these materials varies rapidly with temperature, and there is little or no excess 

noise. Small thermometers can be made with relatively low heat capacitY and high internal 

thermal conductance. These properties alone qualify doped germanium as excellent 

thermometer material. Highly uniform dopant concentrations can be achieved through 

Neutron Transmutation Doping (NID), in which Ge atoms are transmuted by nuclear 

reactions with thermal neutrons) By changing the doping density, the resistivity at a 

given temperature can be controlled, allowing the fabrication of sensitive thermometers 



with impedances that are compatible with low-noise amplifiers. Such thermometers have 

been successfully used as the thermal sensing elements of bolometric infrared detectors4 as 

well as differential microcalorimeters. 5 

Typical bolometric radiation detectors consist of an energy absorbing element and a 

current-biased electrical resistance thermometer. These components are connected to a heat 

sink by a known thermal conductance. The thermal response time of the device is 

determined by its heat capacity and the thermal conductance. Characterization of such 

bolometers often begins with the measurement of a de 1-V curve.6 For a given thermal 

conductance to the heat sink, there exist bias currents small enough that the temperature rise 

due to dissipated electrical power can be neglected. For these small currents, the 

thermometer resistance should be independent of the bias current and the 1-V curve is said 

to be ohmic. As the bias power is increased, a temperature difference appears between the 

thermometer and the heat si~ giving rise to a change in its resistance, and a non-ohmic, 

thermal nonlinearity in the 1-V curve. In practical applications, a small amount of signal 

power is dissipated in the detector, leading to an additional temperature rise, and a 

correspondingly small change in the voltage across the thermometer. The change in voltage 

is linearly related to the applied signal power. 

The absolute sensitivity of the bolometer can be determined from the shape of the 

1-V curve6,7 if the electrical power dissipated in the thermometer produces the same result 

as signal power dissipated in the absorbing element, and if all of the nonlinearity in the 1-V 

curve is of thermal origin. However, the changes in resistance observed in an 1-V curve 

cannot always be attributed to temperature changes. Conduction in the thermometers under 

study is expected to be due in part to variable range hopping} For this conduction 

mechanism, electric fields can induce nonlinearities, 8, 9 and many theoretical discussions 

of these effects have been published.l0-13 
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It usually is advantageous to modulate the incoming signal in order to reduce the 

importance of low frequency noise. The response of the detector as a function of 

modulation frequency must be known in order to obtain quantitative results. The frequency 

dependence of the response usually is ascribed to the thermal time constant of the detector 

or, occasionally to the electrical time constant of the measurement circuit We have found 

that some thermometers have an effective internal relaxation time that is longer than either 

the thermal time constant or the electrical time constant In order to isolate internal 

relaxation times from external thermal or electrical relaxation times, a number of different 

thermometers were measured in the same thermal and· electrical circuits. 

In this work, the resistance of several N1D germanium resistance thermometers has, 

been measured as a function of temperature, bias voltage, thermal oscillation frequency and 

dopant concentration. The results have been compared to the theoretical predictions found 

in the literature and to existing experimental data. The importance of these effects to 

absolute measurements of temperature, infrared radiation, exotic particles and heat capacity 

is discussed. 

Experimental Technique 

The N1D thermometers used in this experiment were fabricated from ultrapure Ge 

single crystals, which were doped to the acceptor and compensating donor concentrations 

as shown in Table 1 by exposure to a thermal neutron source.3 This procedure takes 

advantage of the uniformity of the neutron source and the small transmutation cross

sections to produce very uniform dopant concentrations. In contrast, both implantation 

doping and melt doping of semiconductors can produce uneven dopant concentrations, 

which greatly complicates the problem of obtaining a suitable thermometer. The doped Ge 

crystals are sliced into 300 ~wafers, fine-lapped, and etched in a 4:1 HN03:HF solution 
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to remove lapping damage, provide clean surfaces for ion implantation and to insure 

contact adhesion. Both surfaces are step-implanted with B+ ions (lx1Q14 cm-2 at 25 keV, 

2x1Q14 cm-2 at 50 keV), which produces a metallic region in the Ge approximately 2000 A 

deep. A 200 A layer of Pd and a 4000 A layer of Au are argon sputtered onto the wafers, 

which are then annealed for one hour at 300 C. Annealing· helps activate the implanted 

ions, and relieves any stress resulting from the metallization. The wafers were cut into 

chips 0.265 mm on a side, and rinsed briefly in the 4:1 solution to etch the damaged 

surfaces and thus remove surface electronic states, which might irreproducibly contribute to 

conduction at low temperatures. The final size after all processing is approximately (0.25 

mm)3. 

Several different N1D thermometers were mounted in each test apparatus as is 

shown in Fig. 20. The thermometers were attached to evaporated NiCr films on a sapphire 

substrate with an Ag-filled conductive epoxy.14 Copper wires with a diameter of 25~ 

were also attached to the thermometers and to the films with conductive epoxy. The other 

ends of the wires were soldered to Cu heat sink posts. This assembly, which was 

designed for other purposes,5 is a useful test bed for the comparison of nonlinearities of 

two thermometers because of the ability to do simultaneous tests in nearly identical thermal 

surroundings. 

DC Measurements 

A 9 volt mercury battery and a ten-tum 10 ill potentiometer produced a variable de 

bias voltage across a room temperature carbon load resistor in series with a cold 

thermometer. Both the total bias voltage and the voltage across the thermometer were 

measured with digital voltmeters with input impedance> 1 an and recorded manually. 

Because of the large thermometer impedances studied, two-wire measurements of 

resistance were sufficiently accurate, and the lead resistances have been neglected. To 
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Schematic diagram of the test apparatus used in the measurements. All 

contacts to the wires, thermometers and NiCr films were made with Ag-filled conductive 

epoxy. As many as four thermometers can be mounted on a single assembly and tested 

simultaneously. 
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check for thermal EMFs, the polarity of the bias was periodically reversed. Nonlinearities 

from non-ideal contacts are possible. Measurements with separate current and potential 

contacts were not made. The symmetry of the data with respect to bias direction showed 

that contact variability was not a problem. 

Measurements of the dependence of the resistance on thermometer lattice 

temperature and de bias voltage were carried out with the test apparatus submerged in liquid 

4He. The thermal conductance to the heat sink is then limited by the thermal boundary 

resistance between the Ge surfaces of the thermometers and the liquid 4He, and is of order 

Hr3 W fK.15 The vapor pressure of the helium bath was measured with a capacitance 

manometer and was used to calculate the bath temperature. The temperature of the helium 

bath was controlled by observing the vapor pressure and manually adjusting the valve to 

the vacuum pump. Drifts in the bath temperature were less than 5% during these 

measurements. The errors introduced by these drifts do not affect the major conclusions of 

this study. 

As the applied electric field approaches zero, the resistivity of these materials 

approaches a constant value, which depends on the temperature. For variable range 

hopping in a disordered semiconductor, one expects to fmd low-field resistivities which 

vary as16 

R(O,T) = Ro exp (T({f)a, (21) 

where <X is equal to 0.25 if one assumes that the medium is three-dimensional and that the 

carrier density of states near the Fermi surface is constant However, it has been shown 

that long range Coulomb interactions between localized electrons can give rise to an energy 

gap between the filled and empty states.l7, 18 The resulting quadratic variation in the 
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density of states near the Fenni surface leads to a low-temperature resistivity as in Eq. 21, 

but with a = 0.5. At higher temperatures, where kB T is comparable to the Coulomb gap, 

deviations from this temperature dependence are expected. Temperature dependent 

resistivities as in Eq. 21 with a= 0.5 have been observed experimentally,19, 20 and a 

review of all these considerations for the case of doped Ge has been given by Efros and 

Shldovskii.21 The low-field resistivity of the four samples studied is shown in Fig. 21a as 

a function of T-1/2. At the lowest temperatures studied, the resistivities of all four samples 

as plotted in Fig. 21a approach straight lines. This is consistent with previous low 

temperature measurements on similar samples3, and with the predictions for variable range 

hopping in the presence of a Coulomb gap. As the temperature increases, the deviations 

from straight lines indicate the presence of a change in the conduction mechanism. At the 

highest temperatures, the data are better fit by Eq. 21 with a= 1, as shown in Fig. 21b. 

This suggests that conduction due to ionization of bound carriers is becoming important 

As the electric field is increased, deviations from ohmic behavior become apparent 

A series of 1-V curves for a typical thermometer measured at different temperatures in the 

liquid helium bath are shown in Fig. 22. Since the resistance of these thermometers 

depends on temperature, these curves might be interpreted as evidence for increases in 

thermometer temperature due to dissipated bias power. However, quantitative 

measurements do not support this hypothesis. For example, in the 1-V curve measured at 

1.25 K for sample NID-2, a nonlinearity of a few percent is observed at an applied bias 

power ofless than IQ-9 W. Since the thermal conductance between the thermometers and 

the bath is of order IQ-3 W/K, the expected temperature rise is IQ-6 K. This should 

produce a change in resistance of about 1 part in lo6, which is only 10-4 of the observed 

effect. This leaves only the possibility that the resistance depends on the applied bias 

voltage as well as the temperature. 
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Figure 21 Plots of the log of the resistivity of all four thermometers measured as a 

function of (Temperarure)-a with a= 1(2 in (a) and a= 1 in (b). 
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Figure 22 A series of I-V curves for thermometer N1D-2 submerged in 4He at 6 

different bath temperatures. Nonlinearities are evident for applied power as low as lQ-9 W. · 

Heating of the thermometer by the bias power is significant only above lQ-5 W. 

83 



Much theoretical work has gone into the understanding of electrical nonlinearities in 

hopping conduction, and the predictionsl0-13 are that the resistance depends on the electric 

field 

R(E,T) = R(O,T) exp ( -eEL/ks T), (22) 

where E is the electric field, ks is Boltzmann's constant, and L is a characteristic length for 

the hopping process. Different authors predict additional numerical factors in the exponent, 

but all find a form similar to that in Eq. 22. To check for such a field-dependent 

nonlinearity, the I-V curves in Fig. 22 were re-plotted as shown in Fig. 23. At each bath 

temperature, the data fit straight lines, indicating that the measured nonlinearities are 

consistent with Eq. 22. The non-zero slopes indicate that there is an electric field-induced 

nonlinearity in all of the samples throughout the range of temperatures and electric fields 

investigated. The slight deviations from straight lines in Fig. 23 are within the drifts 

expected from bath temperature variations during a particular measurement, and do not 

recur. 

As the bath temperature is changed, the slope of the lines through the data in Fig. 

23 also changes, implying that the characteristic hopping length L has a temperature 

dependence. Fig. 24 shows a plot of the temperature dependence of L for thermometers 

with three different doping densities. The nonlinearity in Eq. 22 is most important when 

the characteristic hopping length is large and the temperature is low. Therefore, 

measurements below 1 K will be most seriously affected. Surprisingly, the samples with 

the largest average impurity separation show the smallest characteristic hopping le:1gths. 

The characteristic hopping length in variable range hopping in the presence of a Coulomb 

gap is expected21 to vary as T-1/2 at low temperatures. This prediction is also plotted in 

Fig. 24 and is not in good agreement with the data. 

84 



.• 

.. 

107 

01.25 K ... 2.30 K 
+1.62 K 0 2.63 K 

\) 
C:. 1 .85 K • 3.35 K oo 

- 00 
~ 0 -
Q) 0 
(.) •• 0 
c 

106 0 
ctS •• 00 .- C:. • en ·- ~C:. •• 0 en C:.~ • 0 Q) 

a: e:.· •• 00 C:.C:. 

' C:. 
C:. •• .... C:.e:. ........ C:. 

•• Do 

105 
0 20 40 60 80 

Electric FieldfT em perature (Vfcm K) 
XBL 884-7367A 

Figure 23 Data from Fig. 22 re-plotted as the log of the resistance versus the ratio of 

electric field to temperature. Straight lines are consistent with theoretical predictions for 

electric field assisted hopping. 
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Temperature dependence of the characteristic hopping length L extracted 

from I-V curves for all of the thermometers in this study. The lines drawn throu~h the data 

are included as a guide to the eye. The dashed line corresponds to the predicted T-1/2 

dependence of the characteristic hopping length upon temperature, and has been fitted to the 

low temperature data. 
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AC Measurements 

The phase and amplitude of the voltage resulting from an ac thermometer current 

bias were measured as a function of frequency for several different thermometers with 

different resistances with the samples submerged in supertluid 4He. The results were 

consistent with an RC rolloff due to a capacitance of approximately 300 pF. 

When the test apparatus is placed in a vacuum and an oscillating current is applied 

to the heating strip, there is an oscillation in the resistance of the thermometer. If the 

thermometer response is sufficiently fast, the amplitude of the resistance oscillation is 

determined by the modulation frequency, heat capacity of the test apparatus, and the 

thermal conductance to the heat sink. 22 Two thermometers mounted on the same test 

apparatus would then have the same thermal response. Fig. 25 shows the frequency 

dependence of the amplitude of the voltage oscillation of four current-biased thermometers 

mounted on the same substrate. The data for NID-4 are well represented by a simple 

rolloff (1-rro2-t2)-l/2 with a time constant 'tt = C/G = 1.3 ms up to 2kHz. This value of 

the thermal time constant is consistent with the known values of C and G for the test 

apparatus. Above 2 kHz, the roll off steepens because of the electrical time constant of 0.1 

ms. Additional measurements on very heavily melt-doped thermometers are coincident 

with those for NID-4, the most heavily doped thermometer in this study. Since the curve 

for NID-4 shows the fastest response and is coincident with that of a completely different 

thermometer, it reflects the thermal response of the test apparatus. The data for NTD-1 and 

2 are well represented at all temperatures by the function (l+co2tt2)-112(1+co2t22)-l/2 

with 'tt = 1.3 ms and 't2 = 4 ms. The second time constant is attributed to an internal 

relaxation in the thermometer. The data for NID-3 is more complicated but also shows the 

effects of the internal relaxation. Measurements on a given thermometer at different 

temperatures, and therefore different resistances, but the same capacitance, produce 

87 



c 
0 ·.;::; 
a3 --·c:; 
en 
0 .-
Q)jg 
0)·-
m c 
~::::> 
0 
> 
'-
Q) ...... 
Q) 

E 
0 
E 
'-
Q) 
~ 
1-

Figure25 

102 103 

o NT0-4 
+ NTD-3 
A NTD-2 
• NTD-1 

Oscillation Frequency (Hz) 
XBL 884·7368 

The measured amplitude of the voltage oscillation of the thermometer plotted 

as a function of the applied thermal oscillation frequency for four thermometers mounted on 
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a 4 ms time constant The thermal time constant of the apparatus is tt = 1.3 ms. An 

internal relaxation effect in NTD-1 and 2 can be described by an additional time constant t2 

'"" 4 ms. Electrical RC times become important in all curves after the fll'St decade of rolloff. -
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virtually the same frequency dependences. This is further indication that the internal time 

constant is not due to the rolloff of the electrical circuit 

Electrothermal feedback can occur in measurements of this type, giving rise to 

apparent changes in the thermal conductance between the test apparatus and the heat sink. 

For the small thermometer biases used in these measurements, electrothermal feedback 

modifies the measured thermal conductance by less than 0.1 %, and its contribution has 

been ignored. 

Discussion 

At low applied electric fields, the low-temperature resistivity for conduction by 

variable range·hopping in the presence of a Coulomb gap is expected to follow·Eq. 21 with 

a = 0.5. The measured resistivities follow this dependence at the lowest temperatures 

investigated and at lower temperatures3 as predicted by Efros and Shklovskii.21 At higher 

temperatures, thermal ionization of carriers becomes important, as seen by the approach to 

an a = 1 dependence. 

The electric field dependence of the resistance at any given temperature as shown in 

Figs. 22 through 24 is in agreement with the form predicted for variable range hopping. 

The rough consistency between the values of the hopping length and the average separation 

of uncompensated acceptors is encouraging, if not particularly illuminating. Agreement 

between the measured characteristic hopping length and average impurity separation has not 

always been found in other materials.9 The hopping length decreases more rapidly with 

temperature than is expected. This discrepancy may be taken as further evidence for a 

transition in the conduction mechanism from variable range hopping to another mechanism, . 

such as thermally ionized carrier conduction. 
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The appearance of an internal relaxation time greater than the thermal time constants 

of these detectors is not expected. Simple arguments23 can be used to set a tight upper limit 

on the thermal relaxation time of the carriers in this material as follows. The heat capacity 

of the carriers must be less than that of an ideal gas of carriers whose number density 

equals that of the uncompensated acceptors in the material. If we interpret the observed 

nonlinearity in the I-V curves as a change in the electron temperature, we can estimate the 

thermal conductance from the electrons to the lattice. This procedure has been used 

elsewhere to estimate the thermal conductance between the electrons and phonons in doped 

Ge thermometers. 2 From these models, the estimated heat capacity is C = 1 Q-12 J/K and 

the estimated thermal conductance is K = I0-8 W/K. The resulting time constant is lQ-4 s, 
which is considerably shorter than the observed internal relaxation time. Since the changes 

in resistance are more likely to be due to the field dependent nonlinearity, this represents an 

underestimate of the the true thermal conductance present in this system. Since the heat 

capacity is grossly overestimated, and the thermal conductance is probably underestimated, 

the true thermal relaxation time for the electrons should be much faster. 

Because of phase space factors, the strength of the electron-phonon interaction is 

likely to be strongly temperature dependent, while the heat capacity of the electron gas is 

weakly temperature dependent. Therefore under this model, we would expect a strong 

dependence of the relaxation time with temperature, which is not observed. The 

mechanism for the internal time constant is not known. 

McCammon and coworkers have observed discrepancies between expected and 

measured responses of x-ray detectors made from antimony doped silicon.24 In their 

experiments, individual Mn Kcx x-rays were absorbed, producing pulses in the temperature 

of the detector. The shapes of the measured pulses were not consistent with a single 

exponential thermal response, and may have been distorted by an internal time constant. 
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They also report a field-induced nonlinearity whose form is consistent with our 

observations. The appearance of both the internal time constant and the field induced 

nonlinearity in these two different materials suggests that these effects may be 

fundamentally related. Similar measurements by Silver and Labov25 on heavily doped 

N1D Ge at lower temperatures than in this study have been carried out Their results 

indicate the presence of both a field induced nonlinearity, and an internal time constant 

similar to the effects reported here and by McCammon. 

Loponen and coworkers26 have made extensive measurements of the time

dependent heat capacity of amorphous semiconductors below 1 K. Their measurements at 

ms time scales showed that the heat capacity had a component with a logarithmic time 

dependence. A time dependent heat capacity of this form is theoretically expected27 for 

glasses which exhibit tunneling excitations with a wide distribution of relaxation times and 

energies. A similar distribution in relaxation times could be responsible for the distortions 

in pulse shapes observed by others24.25, as well as the internal time constant reported here .. 

There have been many reports in the literature of frequency dependences in the AC 

conductivity of materials in the hopping conductivity regime.28, 29 One explanation of 

these results is that polarizability of the bound carriers increases with frequency and adds to 

the total ac conductivity of the material. A more complicated model, which includes the 

effects of spatial fluctuations on the ionization probability of deep levels appears to fit more 

of the observed details.30 In the present work, measurements of the voltage response to 

an ac thermometer bias were consistent with an electrical time constant, and showed no 

clear evidence of any other frequency dependent contribution to the ac conductivity up to 

lOS Hz. 
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The implications of these results for the use of N1D thermometers for absolute 

measurements of temperature, absorbed power, or heat capacity can be summarized as 

follows: 

1) The electric field dependence of the resistance of these materials complicates their 

use as ordinary thermometers. In particular, great care must be taken to perform 

calibrations and measurements at identical voltages, or, preferably, in the low voltage limit,· 

where the field dependence is not important. Another approach is through the use of 

electrical readouts that measure thermometer current at constant bias voltage. The electric 

field dependence of the resistivity is especially important at lower temperatures, where the 

hopping lengths can be quite large. 

2) Calibrations of bolometric radiation detectors obtained by calculations based on 

measured I-V curves will be distoned by the electric field dependence. This is because the 

observed changes in resistance will riot be entirely due to sample heating. Correction 

procedures for electrical nonlinearities have been proposed.31 However, the observed 

temperature dependence of the hopping length shows that more complicated corrections 

may be required. Therefore, the only reliable calibrations of bolometric radiation detectors 

are those which deposit the energy in the same place in the thermal circuit as in the actual 

measurement. 

3) The appearance of an internal relaxation time larger than the thermal relaxation 

time of the apparatus and the RC time constant of the electrical circuit complicates any ac 

measurement made with these materials. In particular, the sensitivity of bolometric 

detectors to modulated or pulsed signals will be reduced by this effect This implies that 

calibrations of absolute bolometric detectors will have to be performed at the same 

frequency as the actual measurement Furthermore, the sensitivity of bolometric detectors 
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being designed for x-ray detection24, 25,32 and dark-matter searches33, 34 depends on fast 

response and so will be seriously reduced by the observed internal time constant Finally, 

the application of these thermometers to ac calorimetry4 is seriously affected, since accurate 

measurements require that the slowest time constant be due to thermal relaxation of the 

entire calorimeter. The presence of an internal time constant longer than the thermal time 

constant of the detector makes quantitative ac heat capacity measurements very difficult 

For a given bias power, the electric field-induced nonlinearity and the internal time 

constant decrease in more heavily doped material. This suggests that optimum performance 

can be obtained through the use of relatively low impedance thermometers. The detailed 

optimizations depend sensitively on the properties of amplifiers and are beyond the scope 

of this work. 

Conclusion 

A series of measurements have been made of the electrical properties of doped 

germanium thermometer material at 4He temperatures. The temperature dependence of the 

low-field resistivity is in agreement with the predictions for variable range hopping in the 

presence of a Coulomb gap at the lowest temperatures studied. At higher temperatures, 

deviations from this prediction arise due to conduction by thermally ionized carriers. The 

electric field dependence of the resistivity has a form consistent with predictions for 

variable range hopping, but the magnitude and temperature dependence of the hopping 

length deduced are not correctly predicted. Finally, an internal relaxation time is observed 

which is longer than both the thermal time constant of the test apparatus and the RC time 

constants in the electrical circuit The observed internal time constant can seriously distort 

the response of absolute thermal detectors. 
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Table 1 

Dopant 

Ga 

As 

Se 

Na-Nd 

NID-1 

2.21xtQ15 

6.28x1Ql4 

9.2x1Ql3 

1.49xtQ15 

Table 1 

NID-2 

4.41x1Ql5 

1.26x1Ql5 

1.6x1Ql4 

2.99x1Ql5 

NID-3 

6.62x1Q15 

1.89x1Ql5 

2.5x1Q14 

4.48x1Ql5 

NID-4 

9.94x1Ql5 

2.83xlQ15 

3.8x1Ql4 

6.73x1Ql5 

Dopant concentrations in the N1D samples used in this study. All other 

impurity concentrations are below 1QI3. All concentrations in cm-3. 
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Apnendix II Generation of intense tunable picosecond pulses jn the far-

infrared 

Abstract 

Continuously tunable far-infrared (FIR) picosecond pulses have been generated 

from 20-200 cm-1 through the parametric interaction between two visible pulses. Pulse 

energies up to 3 nJ were detected. The quantum efficiency 0.1 - 0.3 % was surprisingly 

constant over this frequency range considering the large variations in FIR absorption, 

diffraction, and phonon resonance enhancement. The depletion of the visible pulse and the 

dependence of FIR energy on pump power were typical of a saturated process. However, 

the FIR energy showed unexpectedly large pulse-to-pulse fluctuations. Understanding of 

the origin of these fluctuations may lead to substantial improvement in the average 

efficiency. 

Introduction 

The investigation of dynamical processes in the optical has benefited greatly from 

the substantial recent progress in the development of pulsed dye lasers. Similar 

developments in the far-infrared (FIR) have not occurred, largely due to the difficulties in 

the construction of FIR lasers. As a result, studies of dynamical processes in the FIR have 

relied upon indirect measurements. 

Techniques that apply the developments in the optical to the generation of FIR 

pulses have been widely investigated. Optical rectification has been used to generate 

broadband IR picosecond! and femtoset;ond2 pulses, but with low intensity. Recently, 

there has been interest in the generation of picosecond FIR from free electron lasers, but 

success has not yet been demonstrated. 3 A variety of other techniques have been 

successful in generating longer FIR pulses.4.5 In particular, tunable, nanosecond FIR 
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pulses have been generated by difference frequency mixing of two visible dye lasers.6.7 

The recent development of high-power, picosecond dye lasers has allowed an extension of 

this technique to the picosecond domain. This letter reports the generation of high

intensity, narrow-bandwidth, picosecond FIR pulses by this technique. 

Experimental 

In these experiments, two visible pulses, the first 1-2 ps long, and the second 5 ns 

long, were mixed in a LiNb03 crystal to generate FIR pulses at a 10Hz rate. Since mixing 

only occurred when the pulses overlap, picosecond FIR was generated. The 0.2 mJ 

picosecond pulses at 589 nm were generated by an amplified, synchronously-pumped dye 

laser. 8 A commercial YAG-pumped dye laser produced the 20 mJ nanosecond pulses, 

which were tuned from 590-596 nm. The pulse-to-pulse fluctuations were 10% for the 

picosecond pulses and 6% for the nanosecond pulses. A single doubled Y AG beam was 

split to pump both the nanosecond dye laser and the picosecond amplifier, thus insuring 

synchronization of the two pulses. The two beams were focused with a > 1 m focal length 

and overlapped at an angle of 5-50 mrad in the LiNbOJ crystal. Spot sizes were 0.6 mm 

and 1.2 mm for the picosecond and nanosecond beams respectively. Smaller spot sizes 

caused crystal damage. Note that the instantaneous nanosecond intensity (350 MW/cm2) is 

much lower than the picosecond intensity (70 GW /cm2) . 

. The arrangement of the experimental apparatus is shown in Fig. 26. Noncollinear 

phase matching was achieved by the method of Yang, et al. 6 The two visible beams, as 

well as the FIR were polarized along the optic axis of the LiNb03 to utilize the largest 

nonlinear coefficient.9 Since the FIR spectral band is below !he optical phonon modes of 

the mixing crystal, the FIR refractive index 10 (n = 5.5) is much larger than the visible 

refractive index (n=2.3). Therefore, the phase-matching can be achieved geometrically, 

without using birefringence. Tuning was achieved by changing both the angle between the 
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visible beams and the difference in their frequencies. Because the FIR is produced at a 68 

degree angle from the visible beams, a comer of the 4 mm cubic crystal was removed to 

allow the FIR to exit with small reflection losses. 6 An advantage of the phase matching 

scheme used here over collinear phase matching is that the direction of the optic axis of the 

crystal does not have to be changed as the FIR is tuned. Thus, only one crystal is needed 

for the entire tuning range. 

The FIR was produced with a significant divergence due to the focusing of the 

visible beams, diffraction of the FIR, and the bandwidth of the picosecond pulse. This 

divergence was increased by refraction at the crystal surface to > 1 srad. In order to collect 

a large solid angle, the small end of a Winston concentratorll was placed in contact with 

the exit face of the crystal. The concentrator collected and collimated the emerging FIR 

pulse which then passed through band limiting filters to a composite infrared bolometer 

operated at 1.5 K. A step-scanned Michelson Fourier spectrometer was used to measure 

the spectrum of the FIR pulses. 

Figure 27a shows the median collected FIR energy at frequencies from 20-200 cm-

1. The energies were typically 3 nJ per pulse. Figure 27b shows the quantum efficiency 

for conversion of photons from the visible picosecond pulse to detected FIR photons. 

Swprisingly, there was no strong trend in the quantum efficiency as the frequency changes 

by a factor of ten. The variation in the amount of diffractive loss in the FIR should be large 

over this range. Furthermore, an optical phonon mode in LiNb03 at 252 cm-1 would be 

expected to strongly influence the quantum efficiency through changes in the FIR 

absorption and phonon resonance enhancement.12,13 

The FIR spectrum (Fig. 28) shows that the FIR was generated in a narrow 

bandwidth at the frequency difference of the two visible pulses. The FIR bandwidth of< 
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Figure 26 Schematic diagram of the FIR ps pulse apparatus. 
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Figure 27 Total detected energy of the FIR ps pulse as a function of FIR frequency. 

The quantum efficiency for conversion of the visible to the FIR varies from 0.1% to 0.3%. 
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centered at 70 cm·l. 
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10 cm-1 was similar to the bandwidth of the visible picosecond pulses. Although this 

bandwidth is consistent with a 1 ps FIR pulse, consideration of the spatial extent of the 

region of the crystal that actually radiates FIR suggests that the actual pulse length was 

closer to 10 ps. 

The simple theory of parametric mixing predicts that photons from the high 

frequency picosecond pulse are split into photons at both the lower, nanosecond frequency 

and into FIR photons.l4 As long as the nanosecond intensity is low relative to the 

picosecond intensity, the FIR energy will depend exponentially on the picosecond intensity 

and linearly on the nanosecond intensity. If the mixing continues until the picosecond 

pulse is significantly converted, the process will saturate. The FIR energy 

will then depend linearly on the picosecond energy and will be insensitive to the 

nanosecond energy. 

Experimentally, A small amount of FIR was generated, even when only the 

picosecond pulse entered the crystal. At the same time, a small amount of visible light was 

observed to be shifted down in frequency from 0 to> 300 em· I, but peaked near 150 cm-1 

as is shown in Fig. 29. This is interpreted to be parametric fluorescence resulting from the 

amplification of quantum noise. Optical rectification may also have contributed to the FIR 

signal. I J. These observations indicate the strength of the non-linear interactions at the 

intensities used. 

When both the nanosecond and the picosecond pulse were passed through the full 4 

mm length of the crystal, the picosecond pulse was depleted by 30-50%. With the 

nanosecond pulse at full intensity, the FIR energy was observed to depend linearly on the 

picosecond intensity for more than an order of magnitude. The FIR generation appeared to 

have a threshold near 20 ~. which may represent the beginning of the saturated regime. 
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Figure 29 spectra of the optical picosecond pulse before and after passing through the 

LiNb03 in the absence of the nanosecond pulse. Significant shifting of the radiation occurs 

due to optical rectification and noise amplification. 
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Finally, the FIR was insensitive to the nanosecond pulse energy; when the nanosecond 

intensity was reduced by a factor of 7, the FIR intensity only dropped by a factor of 2 and 

the visible picosecond pulse was still strongly depleted. 

Discussion 

All the observations are consistent with a very strong non-linear interaction, leading 

to strongly saturated FIR generation. However, strongly saturated mixing should lead to 

high quantum efficiencies. Even considering losses such as reflections at the crystal and 

FIR absorption by the crystal, the observed quantum efficiencies are surprisingly low. 

Furthermore, strong pulse-to-pulse fluctuations in FIR energy were observed, whereas 

saturated mixing should be quite stable. Figure 30 shows a histogram of these 

fluctuations. All pulses with energy greater than twice the medial energy are shown in the 

cross-hatched bar at the right Some pulses were observed with as much as five times the 

median pulse energy. However, all pulses generated FIR observable over detector noise. 

Interestingly, fluctuations of the same magnitude in the depletion of the visible pulse were 

not observed. Given the observed weak dependence of the FIR on the visible pulse 

intensities, the 10% fluctuations of the visible pulse intensities cannot be responsible for the 

FIR fluctuations. Also, transmission of the beams through a pinhole showed that there is 

no significant wandering of the beams from pulse to pulse. 

Both the low quantum efficiency and the large pulse-to-pulse fluctuations are 

inconsistent with the simple theory of saturated mixing. Two of the possible explanations 

for this disagreement are: 

1) The FIR is generated efficiently by a saturated process, but is then depleted by 

further non-linear processes. The fluctuations in these processes cause to observed 

fluctuations in the FIR and are responsible for the discrepancy between depleted 
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Distribution of the pulse-to -pulse fluctuations of the FIR energy. The 
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picosecond intensity and measured FIR intensity. However, no reduction in the 

fluctuations was observed when the beam intensities were reduced. 

The nanosecond pulse is not bandwidth-limited, implying that it has significant 

amplitude modulation. Since the picosecond pulse is not long enough to average these 

fluctuations, it may see pulse-to-pulse variations that are larger than the total pulse-to-pulse 

variations. Since the FIR energy is relatively insensitive to the nanosecond energy, these 

modulations would have to be large. 

None of these explanations is entirely satisfactory, but the presence of occasional 

high efficiency pulses can be seen as encouraging. Their presence implies that a 

fundamental limit to the conversion efficiency has not yet been reached. If the source of 

these fluctuations can be understood, it may be possible to consistently generate FIR pulses 

with the efficiencies which are now seen only erratically. Such pulses, being intense, 
~ 

continuously tunable and narrow bandwidth would be a valuable spectroscopic tool. 
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