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A very sensitive microcalorimetry technique for measuring specific heat of µg single crystals

A microcalorimetry technique allowing one to measure the specific heat of bulk single crystals of a mass typically 10 µg, with a relative resolution Δc/c of 10 -4 is presented. The wellknown ac steady state technique is employed. The sample holder is a polymer membrane with lithographically patterned thermometer and heaters made out of metallic thin films. The diameter of the useful area is 0.6 mm and the specific heat of the addendum is 1.5 µJ/K at 100 K. The sample is thermally coupled to the membrane through a gold thin film sputtered on its surface. The thermal coupling time constant of the sample is of order of 5ms, allowing to work at frequencies of 10 Hz. The method was applied to small single crystals of YBCO, providing the specific heat jump at the superconducting transition with a relative resolution of 10 -2 and a precision of 10 -1 . The method is optimized at the temperature range 40-160 K, but can easily be modified for higher temperatures.

Introduction

The ac steady state technique is well known since the original work of Ref. 1. This technique is very powerful for measuring samples with a weak specific heat, since one can filter the signal at the measurement frequency and improve the signal to noise ratio. The principle of the measurement is shown in Fig. 1.

Fig. 1. Principle of the ac steady state technique. The sample is coupled to a thermal bath 𝑇 0 via a conductance 𝐾 1 . An ac power 𝑃 0 𝑒 𝑖𝜔𝑡 is supplied to the sample. Under steady state conditions, its temperature oscillates with an amplitude inversely proportional to its heat capacity and the frequency of oscillation.

The sample is coupled to a thermal bath via a conductance K 1 . The time constant of the sample coupled to the thermal bath is given by τ c = C/K 1 . When an ac power P 0 is supplied to the sample, its temperature oscillates with an amplitude inversely proportional to its specific heat and the frequency of oscillation, under steady state condition. Steady state condition occurs when the oscillation is faster than the coupling time τ c (adiabatic condition) and slower than the internal relaxation time of the sample τ e (quasistatic condition):

ωτ e ≪ 1 ≪ ωτ c (1) 
In this case one has the simple relation:

T ac = P 0 Cω ( 2 
)
The practical problem in order to measure samples with a small specific heat is the contribution of the specific heat of the sample holder (addenda). Membrane sample holders have been reported in the past in order to measure specific heat of thin films. For instance, thin Si membranes with lithographically patterned thermometric elements have been reported [START_REF] Denlinger | Thin film micro calorimeter for heat capacity measurements from 1.5 to 800[END_REF]. Unfortunately, one cannot thermally couple a bulk sample onto these membranes which would immediately break. The use of elastic polymer membranes is thus a significant advantage for measuring bulk samples. Our membranes have typical thickness 5 µm and their contribution to the specific heat is 0.7 µJ/K at 100 K.

Sample holder

The sample holder consists of a free-standing polyphenyl-quinoxaline (PPQ) membrane deposited on a round copper disk (Figures 2). Figs. 2c. Bottom side photographs of the membrane-holder (copper disk) inside the cryogenic apparatus.

The gold isotherm and the YBCO sample are seen in the center of the free-standing membrane. The apparatus is designed to perform heat capacity measurements under a directional magnetic field.

The polymer will be referred to as PPQ in the following. The advantage of PPQ is its high thermal stability, its good adhesion to copper, and its high elasticity. The goal is to realize a temperature oscillation in the center of the membrane where the crystal is bonded. A thin gold film of 0.6 mm diameter sputtered in the center of the back side of the membrane serves to define an isothermal surface that synchronously oscillates in temperature (the latter will be referred to as the measurement cell).

Lithographic sensors

The fabrication of the sensing elements fabrication is based on micro-microlithography techniques. The lithographic elements are sputtered onto the top side of the membrane, and are connected to the copper disk by narrow metal pads that serve as both electrical and thermal connections (Fig. 2b).

The principal lithographic elements on the front side of the membrane are the following:

1. Thermometer: This is made out of Cu thin film, thickness 0.4 µm, patterned in the center of the membrane. The total length of the meander is 3.4 mm, its width 5 µm, and is realized on a total surface of 0.3×0.3 mm2 (inset Fig. 3), 2. AC heater: This is made out of Cu-Ni sputtered thin film, thickness 0.15 µm patterned in the center of the membrane, front side. The meander dimensions are the same as thermometer, 3. DC heater: This is a Cu-Ni sputtered thin film, thickness 0.15 µm patterned on a peripheral ring of width 0.25 mm and mean diameter 3 mm, on the front side of the membrane. The width of the line is 25 µm and total length is 3.4 cm. This heater is referred to in the following as the DC heater ring.

We complete the lithographic structure by depositing of two gold isotherms on the underside of the free-standing membrane. They are deposited by evaporation process, one under the measurement cell and the other under the DC heater ring, so that they completely cover the area under the lithographic elements deposited on the top side. Their thickness is 0.9 µm. The sample is bonded to the central isotherm, which confines the temperature oscillations to a 0.6 mm diameter disk (Fig. 2c).

Sample bonding

We describe in some detail the procedure of the sample bonding, because this will ultimately determine the frequency at which one can achieve ac steady state. Realizing a good thermal coupling without additional addendum contribution is a fundamental problem for this experiment. One wants to avoid the use of glue or varnish. We found that the best solution is to evaporate a gold thin film on the surface of the crystal and next press the crystal against the reverse side of the membrane, on the goldcovered area. The gold-plated crystal surface has to be optically flat and very clean. After pressing at a temperature of 150° with approximately 300 g one obtains excellent thermal and mechanical coupling. The sample can be removed only by tearing away the membrane. Standard Cr sublayers are used to enhance adhesion of the gold film on both sides. Thermal conductance of the gold film/PPQ interface was found to be of the order of k exc = 1 W K cm² ⁄ [START_REF] Salmi | Dispositif de mesure de la chaleur spécifique de petits échantillons : application à[END_REF]. It is thus useful to estimate the thermal time constant τ exc = C k exc ⁄ for coupling the sample to the membrane. It is calculated from the relation:

τ exc = ρtc p k exc (3) 
C p is the specific heat of YBCO, ρ its density, and t its thickness. We find:

τ exc (ms) = 0.12 × t (µm) (4) 
We conclude that for a typical crystal thickness of 50 µm we find τ exc = 6 ms. This is a very satisfying result, which will al-low us to work in the 10 Hz frequency range.

Thermal coupling diagram of the sample-holder

The thermal coupling diagram of the sample holder is shown in figure 3.

Fig. 3. Thermal coupling diagram of the sample holder

The thermal conductance k B and k 1 govern the static and the dynamic thermal behavior of the sample holder, together with the heat capacity C of each component (AC heater, membrane, thermometer and sample) and with the contact thermal conductance k exc of the lithographic sensors to the membrane

k exc = 1 W K cm² ⁄ [3].
In measurement conditions, the temperature of copper round disk is maintained at T Bas . The DC heater controls the ring temperature T DC and thus the static temperature of the measurement cell. The AC heater dissipates a Joule power at a frequency f, imposing an oscillating thermal regime on the central isotherm. The resulting temperature oscillations are detected by the thermometer at twice the excitation frequency.

Instrumental setup

The instrumental setup is shown in Figure 4. The temperature is controlled in three different stages:

1. Copper disk stage: the copper disk is coupled via a calibrated thermal link to a copper plate at the temperature of liquid helium. Standard Pt (100Ω) and Ge (1000Ω at 4 K) thermometers are mounted on the copper disk, together with a commercial heater. The temperature of the copper disk varies from 40 to 160 K during the calibration process of the central thermometer and is kept constant at ~10 K during the C p measurement. A PID controller associated with the heater-thermometer pair is used to regulate the temperature of the copper disk. An home-made bridge circuit is used in order to achieve a high resolution during the temperature regulation.

2. DC membrane ring stage: a dc current supplied from a voltage calibrator (AOIP SN 8300) with a relative stability of 2 × 10 -6 is injected into the dc heater. The dc voltage is measured with a DVM, allowing one to know the dc power with a precision of 10 -6 . With the above method the average temperature of the membrane attains a stability of 10 -5 within a few minutes. This corresponds to a stability of 1 mK at 100 K. Temperature drifts are smaller than 1 mK in the time lapse of 1 h.

3. Central membrane stage: an ac power is supplied to the central ac heater at a frequency of f /2 by a homemade voltage-current converter. The relative stability of the AC power supplied is 10 -5 . The ac temperature measurement gives access to the specific heat of the sample through Eq. ( 2). The signal/noise (S/N) ratio ΔC/C is equal to (δ

P AC P AC ⁄ + δ T DC T DC ⁄ + δT AC T AC ⁄
). The two first terms are easily small by supplying very stable AC and DC power. A similar resolution on the δT AC T AC ⁄ term is more difficult because of the high DC offset. A temperature oscillation of 10 mK allows one to measure with enough detail the superconducting transition of YBCO occurring in a temperature window of ~200 mK at around 90K. A resolution of 10 -4 corresponds to a δT AC of 1 µK, which is a fraction of 10 -8 of the total temperature. Obviously, a bridge circuit is necessary.

A homemade bridge circuit was employed using high stability current sources in the frequency range 1-100 Hz (Figure 5). The amplified signal measured by a lock-in detection is:

V AC = G I 1 dR dT × T AC (5)
G is the gain of the amplification chain. The impedance of the AC thermometer varies from 5 to 20 Ω in the T range 40-160 K. A standard resistor of 10 Ω at 4 K is used to equilibrate the bridge. The Johnson noise comes principally from the AC thermometer and corresponds to 10 -10 V √Hz ⁄ at 100 K. Our typical measurement frequency is 5 Hz. The field effect transistor (FET) noise in this frequency is ~3 × 10 -9 V √Hz ⁄ . We used a commercial transformer (Stanford Research SR554) to match the FET impedance. Its noise contour plot gives S/N = 1.1. Thus our expected noise level is ~1.1 times the Johnson noise level, is good agreement with our measurements. Our measured noise level is 3 × 10 -10 V √Hz ⁄ corresponding to a temperature noise of 3 µK. By averaging over 10 s we obtain a noise level of 1 µK, corresponding to a resolution δT AC of 10 -4 . An important point is that the two current sources are in a master-slave configuration so as to avoid drifts of the measured signal. The stability of the master-slave current source is 10 -5 after 10 h of continuous operation in battery mode.

Measurement sequence

Heat capacity measurement sequence

A specific heat measurement involves the following steps:

1. The temperature of the copper stage is kept constant at 10.15 K, 2. A DC power is injected in the DC ring of the membrane. P DC is measured. The average temperature of the membrane is thus stabilized to the desired value, 3. An AC power P AC is supplied in the AC heater in the center of the membrane. The temperature oscillation follows Eq. ( 2) and varies between 5 and 70 mK. 4. The amplitude of the temperature oscillation is measured with the lock-in. This signal is averaged typically over 30 s-3 min. This procedure is repeated point after point, with a temperature stabilization at each point. Temperature steps vary between 5 and 100 mK.

The total heat capacity is evaluated from the following relation:

C = P AC (ω × V AC (GI 1 dR dT ⁄ ) ⁄ ) (6) 
The static temperature of the sample is calculed from the following relation:

T = T(P DC ) + P AC k 1 + P th k 1 (7)
The second term of Eq.7 is typically equal to 2K for a P AC corresponding to a temperature oscillation of 70mK at 3Hz. The third term is typically equal to 0.7K. The principal contribution to the average temperature of the sample comes thus from the T(P DC ) term.

P DC is measured and the relation T(P DC ) is defined from calibration sequence #3. P AC is not measured. It is evaluated from

P AC = R AC × I AC 2 . The current I AC is known. R AC (T) is characterized from calibration sequence #2.
R AC is quantified at the temperature T(P DC ) which differs from the center isotherm temperature of typically by 2 K. The copper-nickel sensitivity coefficient

(1 R AC ⁄ ) (dR AC dT ⁄ ) ⁄
is of order of 10 -4 K -1 , resulting in a relative error in the P AC K 1 ⁄ term of 10 -4 and a relative error of 10 -6 in the center isotherm temperature. Similarly, P th is not measured but is evaluated from the relation P th = R th × I 1 2 . I 1 is known. R th (T) is characterized from calibration sequence #1. R th is quantified at a temperature T = T(P DC ) + P AC K 1 ⁄ which differs from the center isotherm temperature of typically by 0.7 K. The copper sensitivity coefficient

(1 R th ⁄ ) (dR th dT ⁄ ) ⁄
is of order of 10 -3 K -1 , resulting in a relative error in the P th K 1 ⁄ term of 10 -3 and a relative error of 10 -5 center isotherm temperature.

Despite the fact that the temperature of the sample is not measured during the measurement, we have a reproducibility better than 10 -3 between different runs (0.1K at 100K).

Calibration sequences

the device is calibrated in three stages:

Stage #1. Calibration of R th (T): the R th (T) characteristic of the central thermometer is measured by sweeping the temperature of the copper disk and we simultaneously measure the temperature of the commercial Pt thermometer on the copper disk and the resistance of the central thermometer. A typical output of this sequence is shown in Figure 6. The slope dR dT ⁄ of the thermometer depends much on its purity. The characteristics are obtained by evaporating high purity copper. A typical slope is 0.1 Ω/K, and the sensitivity coefficient

(1 R ⁄ ) × (dR dT ⁄ )~10 -2 K -1
, is to be compared with 2 × 10 -2 K -1 for a commercial Pt thermometer at 100 K. The biasing current I 1 of the thermometer is 1 mA, resulting in a resolution of 100 µV/K, which is much higher than the one obtained with standard thermocouples. The temperature elevation of the thermometer is given from the relation:

ΔT th = R th I 1 2 k exc,th (8) 
The thermal conductance of the interface metal film deposited on PPQ is found to be of the order of 1 W K cm² ⁄ [START_REF] Salmi | Dispositif de mesure de la chaleur spécifique de petits échantillons : application à[END_REF]. R th is typically 10 Ω and we quantify the thermometer self-heating ΔT th ~10 mK.

Thermal conductivity 𝛋

Thermal conductivities are crucial to estimating the thermal time constants of the measurement cell.

From calibration sequence #3, one obtains the thermal conductance k 1 from the center out to the DC heater ring (fig. 3). The total thermal conductance is of order of ~12 µW/K at 100 K. One estimates the contribution of the PPQ membrane to the thermal conductance k 1 from the relations:

k PPQ = 2πe ln (R 1 R 0 ⁄ ) × κ PPQ (T) (9) 
where κ the thermal conductivity, e is the membrane thickness, R 1 is the radius of the DC heater ring and R 0 is the one of the central isotherm.

the contribution of the copper leads is quantified by:

k Cu,leads = section length × κ Cu,impure (T) (10) 
The thermal conductivity of the copper leads is estimated from the Wiedemann-Franz law κ σT ⁄ = 2,443 10 -8 W Ω K -2 assuming:

κ Cu,impure κ Cu,pure = 1 (1 + ρ residual ρ pure ⁄ ) (11)
The residual resistivity is quantified from the thermometer calibration. We conclude to κ Cu,impure ~340 WK -1 m -1 and exhibit a weak temperature dependence.

Since k 1 = k Cu leads + k PPQ , we can deduce the thermal conductivity of PPQ. The Copper leads and PPQ contributions in the thermal conductance k 1 are shown in Figure 9. By the use of Eq. 9, The thermal conductivity of PPQ is found to be of order of 0.13 W K -1 m -1 and exhibit a weak temperature dependence. A similar procedure gives the contribution for the thermal conductance k B coupling the DC heater ring to the copper disk. Its quantification is done during calibration sequence #2. The result is shown in Figure 10. The agreement between the estimate and the measurement is acceptable. It validates the quantification of the thermal conductivities of the elements constitutive of the measurement cell and its effective dimensions used for the thermal conductance calculations.

Thermal time constants 𝛕 of the measurement cell

A realistic description of the measurement cell is shown in Figure 3. Its dynamic thermal behavior is governed by several time constants depending of the thermal coupling conductance of the lithographic thin films deposited on the membrane and of the heat capacities of the membrane and of the sample. Thin film exchange time to the membrane is given by:

τ exc = ρc k exc × t ( 12 
)
where ρ is the density of the material, t and c are respectively its thickness and its specific heat and k exc the thermal coupling conductance k exc ~1 W K -1 cm -2 [START_REF] Salmi | Dispositif de mesure de la chaleur spécifique de petits échantillons : application à[END_REF]. This relation also applies for the YBCO single crystal.

Another important time constant is the internal time constant τ i . It gives the time scale in which a temperature wavefront of frequency f reaches the extremity of the bulk material:

τ i = t 2 √90 × D (13) D = κ (ρc ⁄ )
is the thermal diffusivity of the material and t is its thickness. τ i is inseparable from the thermal diffusion length L(ω) = √2D ω ⁄ , which quantifies the length scale at which of a temperature wavefront probes the bulk material. The estimated time constants are shown in Table 1. Some of the most important facts are highlighted in Table 1. First, the exchange time constants are negligible for the lithographic sensors. On the other hand, they could be significant for the sample. Second, the internal time constants are negligible for most elements of the cell, except for the membrane. We consider two heat transfer modes: one is mainly transverse and assumes the thermalization of a 5µm thick polyamide membrane with a uniform surface power density dissipated over the 0.6 mm diameter of the measurement cell; the other assumes the thermalization of one half of the membrane, with heat diffusing in the other half volume. In assumption, we do not consider a mixed mode which would include the role of the gold isotherm which promotes both transverse and longitudinal heat transfers. The behavior of the membrane lies then between these two approximations. Some precisions are done in paragraph 14. The main time constant is the exchange time from the measurement cell to the DC heater ring since this value determines the frequency f at which the adiabatic condition is reached:

τ c = C s + C m k 1 (14)
The heat capacities of the AC thermometer and of the AC heater are neglected, due to their small mass. For a typical YBCO sample of 10 µg and 50µm thickness, we estimate C S = 0.3 µJ. The contribution of the membrane to the specific heat is estimated to C m = 0.7 µJ/K (t = 5µm, S = 0.3 mm²). The thermal conductance from the center to the DC heater ring is found to be k 1 = 13 µW/K (Fig. 9). Thus we find τ 1 ~80 ms. This is large enough to reach the adiabatic condition 1 (ωτ c ) 2 ⁄ ≪ 1 at f = 10 Hz and T = 90K.

Dynamic thermal behavior of the measurement cell

The oscillating temperature of the measurement cell results from the simultaneous heat exchange of four components (AC heater, AC thermometer, membrane and sample). The gold isotherm is designed to thermalize the components efficiently. The heat exchanges are governed by first-degree differential equations that balance the input and the output heat of four components. The result is valid under steadystate conditions. The amplitude of the sample temperature oscillation is [START_REF] Gandit | Accès expérimental à la dérivée de l'aimantation par rapport à la température : applications à un composé verre de spin (CuMn) et à un réseau supraconducteur d'indium[END_REF]:

T AC,s = P AC Cω ⁄ √1 + 1 (ωτ c ) 2 + ω 2 [τ s 2 × ( C m + C th + C h C ) 2 + τ h 2 × ( C m + C th + C s C ) 2 + τ is 2 + τ im 2 ] ( 15 
)
The amplitude of temperature oscillation detected by the thermometer is:

T AC,th = T AC,s × √1 + (ωτ s ) 2 (16) 
In this equation, τ c is the exchange time from the measurement cell to the DC heater ring (Eq. 14); τ s , τ h and τ th are respectively the exchange time from sample to the membrane, the exchange time from AC heater to the membrane and the exchange time from AC thermometer to the membrane (Eq. 12); τ is and τ im are the internal diffusive time constants of the sample and of the membrane (Eq. 13).

Analysis of the sample holder contribution to the heat capacity

The measurement cell has a frequency independent contribution from the measurement cell and a frequency dependent contribution due to heat diffusion along heat along the copper leads. The AC thermal power is dissipated in the measurement cell diffuses through the copper leads to the baseline. This diffusion results in an additional contribution to the measured specific heat. The frequency independent contribution includes the gold isotherm (t = 0.6 µm), the PPQ membrane (t = 5 µm), the AC heater (t = 0.15 µm) and the AC thermometer (t = 0.4 µm). The specific heat of PPQ was measured independently on a bulk sample of PPQ [START_REF] Calemczuk | He graciously measured the specific heat of PPQ samples between 40 K and 200 K. Affiliation: DRFMC-SPSMS[END_REF] and its thermal conductivity is characterized in fig. 9. The quantification of the frequency independent contribution of the measurement cell to heat capacity is shown in Fig. 12. 

Frequency dependent contribution

The AC thermal power dissipated in the measurement cell diffuses through the copper leads to the baseline. This diffusion results in an additional contribution to the measured specific heat.

We treat the diffusive contribution along a one-dimensional diffusive model. The temperature at the source is given by the following formula:

T 0 (x) = P 0 √k ω 2 + (C 0 ω + k ω ) 2 × e -x L(ω) ⁄ × e i(ωt+π 4 ⁄ ) (17) 
x is the distance from the source, L(ω) is the thermal length √2D ω ⁄ , D = κ ρc ⁄ is the thermal diffusivity of the 1D medium, C 0 and k ω = κ × S L(ω) ⁄ are respectively the heat capacity at x = 0 and the diffusive thermal conductance. P 0 is the amplitude of AC thermal power dissipated at x = 0.

For x = 0 and C 0 ω ≫ k ω , the above equation can be rewritten as:

T 0 = P 0 ωC ω √1 + (1 ωτ ω ⁄ ) 2 × e i(ωt+π 4 ⁄ ) ( 18 
)
with

C ω = C 0 + k ω ω ⁄ and τ ω = C ω k ω ⁄ .
We put in light that the diffusion problem can be mapped to the familiar steady state problem with a frequency dependent thermal conductance k ω and an diffusive additional specific heat k ω ω ⁄ . The additional specific heat is equivalent to the specific heat of the diffusive medium probed over the length L(ω).

We simulated the system PPQ/copper leads by assuming a composite thermal conductivity κ c = κ Cu × t Cu t ⁄ and a composite diffusivity

D pads = κ c (ρ m C m t m t ⁄ + ρ Cu C Cu t Cu t ⁄ ) ⁄
. The thermal conductance of the composite system comes mainly from the copper leads and the heat capacity comes mainly from the polymer. In Figure 13, we analyze the simulated thermal length for the composite diffusivity and the simulated heat capacity per unit length of the composite system is shown in the inset. The thermal length at (100 K, 3 Hz) is of the order of 2 mm, which means that the copper leads are fully oscillating close to the DC heater ring. The frequency-dependent contribution of the copper leads to the specific heat is shown in Figure 14 for two different frequencies. This study is useful for subtracting the contributions of addenda to the heat capacity measurements

Analysis of the adiabatic plateau for empty cell

The plot of ωT AC versus excitation frequency f is expected to follow a plateau when steady state condition is attained. In order to confirm this assumption, we measured the specific heat of an empty membrane at 90 K as a function of f. The characteristic is shown in Figure 15. An apparent adiabatic plateau is reached at ~60 -80 Hz, while a steady state condition is expected at ~10 Hz. This is due to the frequency dependence resulting from the copper pad contribution C pads , which varies strongly up to 60 Hz. At low frequencies, the contribution of the copper pad composite and that of the measurement cell are approximately equivalent. By separating each contribution, we highlight that The bulk heat capacity of the empty cell C spot is quantified with accuracy in the frequency range [20Hz; 40Hz] (inset of figure 15). We fitted the characteristic T ac × ω versus f using the following formula in order to quantify the involved time constants and the diffusive contribution of the composite pads. This is the same as Eqs. is the filling factor. All these parameters can be estimated independently at the temperature of 90K. The dynamic thermal behavior of the empty cell is finally modeled following Equation 19:

ω × T ac = P ac √ 1 + (ωτ gold ) 2 C ω + C spot √1 + (1 ωτ c ⁄ ) 2 + (ωτ) 2 (19) 
By fitting this function to the experimental data, one can extract the following parameters (Table 2): The agreement between fit and estimated values is good for all parameters, except the quasistatic time constant τ. However, the diffusion time constant for the polymer is estimated only for full transverse heat transfer. This assumption needs to be revised as mentioned in section 9 and it will be discussed in section 14. In any case, the measurement of the heat capacity of the empty cell C spot is accurate from 11Hz

Analysis of the contribution of the YBCO sample to the heat capacity

The sample YBCO#3 (11 µg) is bonded to the gold isotherm under the thermometer. The bond area is 0.04 mm 2 and its thickness is ~43 µm (figure 16). We have also measured the UBC#2 sample (33 µg, t = 29 µm), which has a bond area of 0.18 mm 2 . Due to its large size, it is bonded under both the thermometer and the heater. This promotes transverse heat exchange and shortens the exchange time constants (figure 17) The adiabatic plateau is reached between 5 and 25 Hz whatever the sample size. Following the sample size, we observe two distinct behaviors: For the small sample (YBCO #3), ωT AC increases at higher frequencies whereas it decreases for the large crystal (UBC #2). This can be understood after careful examination of Eqs. 15-16. First, the adiabatic condition ωτ C ≫ 1 is checked from 5 Hz, independent of the sample size: One can neglect the adiabatic 1 (ωτ C ) 2 ⁄ term. Second, the ωτ term is at least of the first order at medium frequency: One can approximate √1 + (ωτ) 2 to (1 + 0.5(ωτ) 2 ). Third, the (C m + C th + C s ) C ⁄ term is close to 1 and the quasistatic condition for the AC heater (ωτ h ) 2 ≪ 1 is also verified at medium frequency due to the short exchange time constant τ h of the AC heater with the membrane.

In these approximations, we model the oscillating temperature amplitude as:

ωT ac = P ac C ω + (C spot + C s ) × (1 + 0.5 × (ωτ) 2 ) (20) τ 2 = τ im 2 + τ is 2 + τ S 2 × m 2 m = C spot (C spot + C s ) ⁄
The filling factor m is about 0.1 for UBC #2 crystal and about 0.3 for YBCO #3 crystal (C spot ~1 µJ/K at 90K, fig. 15)

For the small crystal, the frequency dependence is dominated by the C ω term. Therefore, the temperature oscillation increases at high frequencies due to the smaller contribution coming from the composite leads. On the other hand, the corrective term (1 + 0.5 × (ωτ) 2 ) ponders the term (C spot + C s ) and then it dominates the behavior for the large crystal. The amplitude of the temperature oscillation decreases at high frequencies as the sample is no longer probed in its integrality. We show in the inset of Fig. 18 the specific heat as a function of the frequency for sample YBCO #3, together with the specific heat from the composite leads. In this figure it clearly appears that the frequency dependence of the leads is dominant for the small crystal. The characteristic ωT AC as a function of frequency for other samples are not shown for clarity. Typically, all the curves follow either type of behavior shown here, depending on the size of the crystal. We have also pasted a small sample underneath the ac heater instead of underneath the thermometer, and the result is the same as in Fig. 18 which shows the symmetric role of heater and thermometer in the above discussion. Notice also that the measured curves slide toward lower frequencies at high temperatures, due to an increase of the quasistatic time constant τ.

Precision in the weighting terms

The value of the weighting term (1 + 0.5 × (ωτ) 2 ) in Eq. 20 gives an order of uncertainty of the heat capacity measurement of the YBCO samples. By measuring specific heat at two different frequencies. The total contribution in the specific heat varies in a complicated way, as shown earlier. However, the gap in the specific heat due to the superconducting transition is intrinsic and it varies only due to the weighting term. Therefore, we can thus derive the correction term for the heat capacity measurement. In Figure 19 we show the heat capacity of YBCO #3 as a function of temperature measured at 3 and 11 Hz respectively. We systematically observe a decrease in the total specific heat of 0.3 µJ/K for both tests. This is in excellent agreement with the estimated difference in the specific heat of the pads (Fig. 15). Despite the overall decrease in specific heat at 11 Hz, the amplitude of the superconducting gap increases. From the variation of the superconducting gap, we can directly deduce the quasistatic time constant τ with following formula: δC gap @11 Hz δC gap @3 Hz

= 1 + 1 2 (2π × 11 τ) 2 1 + 1 2 (2π × 3 τ) 2 (21) 
The result is shown in Table 3. 

Precision in the quasistatic time constant

The quasistatic time constant τ results of the competition between heat transfer modes. As we shown, its value is different for the small and large sample, probably due to contribution from longitudinal heat transfer within the membrane, in detriment of transverse one. With the aid of Equations 20 together with the values of Table 3, we can estimate the internal time constant of the membrane since τ im 2 = τ 2 -τ is 2 -τ e,S 2 × m 2 . The results are shown in Table 4. Table 4 highlights the critical role of the membrane, as its internal time constant determines the dynamic behavior of the measurement cell. A large sample promotes transversal heat exchange due to its proximity to the AC heater. This results in a decrease in the quasistatic time constant and increases the accuracy of the heat capacity of a few µg samples. As mentioned above, the lithographic AC heater and the thermometer play a symmetrical role: An optimal configuration is to place the sample symmetrically between the heater and the thermometer.

Precision in the sample mass

We measured five different samples with masses ranging from 11µg to 34µg. The frequency measurement is set to 5Hz over the temperature range [50K; 140K]. The results are shown in Figure 20. From our estimation of the addenda contributions and the weighting terms, we can deduce the mass of the sample from the following formula: After having quantifying the quasistatic time constant τ i for each sample (section 13), we fit the raw heat capacity over the entire temperature range using Equation 22. The fit parameters are m (effective mass of the sample) which accounts for the temperature dependence of the YBCO specific heat c YBCO (T) found in the literature; A, which accounts for a possible inaccuracy in the quantification of the C spot (T)

shown in Figure 15 and B, which accounts for an inaccuracy of the quantification of the diffusive heat capacity C(ω, T) shown in Figure 16. The frequency measurement is set to 5 Hz for each sample heat capacity vs. T characterization.

We found A=1.0 and B=1.09 for all samples. This means that our estimation of the cell heat capacity is excellent. The contribution of the diffusive heat capacity is acceptable within an inaccuracy of 10%.

Regarding the effective sample mass m, we found m = 10µg and m = 30µg for YBCO #3 and UBC #2, respectively. These results should be compared to with the estimated values of 33 and 11 mg obtained from optical measurement of the dimensions of the crystals. The uncertainty of the optical measurements can be as high as 10%, especially for the estimation of the surface area of the crystals and also for some irregularities in their shapes.

Superconducting specific heat jump for the YBCO crystal

The addenda contributions are subtracted from all the total heat capacity characterization C raw . The remaining specific heat is considered to be of phononic and electronic origin. The phononic term is determined from the total specific heat in the range 50-65K and 110-140K, assuming two Einstein phonon modes [START_REF] Riou | Dissymmetry of critical exponents in YBCO[END_REF]. In Figure 21 shows the specific heat jump due to the superconducting transition for YBCO #3 sample. By applying the treatment to each of the five samples, we obtain reproducibility for the of the jump height δc c ⁄ = 11 ± 0.5 mJ g -1 K -1 . It allows a very fine analysis of the fluctuation regime in the YBCO superconductor [START_REF] Riou | Dissymmetry of critical exponents in YBCO[END_REF].

Fig. 2a . 3 Fig. 2b .

 2a32b Fig. 2a. Schematic drawing of the sample holder

Fig. 4 .

 4 Fig. 4. Instrumental setup. A homemade voltage-current converter at the frequency of f /2 is supplied to the central ac heater. The temperature modulation is detected by the thermometer as an alternative voltage at frequency f. The amplitude of the signal is inversely proportional to the central heat capacity (sample + addenda). The average temperature of the membrane is achieved by high stability current supplied to the dc heater. It provides a stability of 1 mK at 100 K. The temperature drift is smaller than 1 mK in a time lapse of 1 h.

Fig. 5 .

 5 Fig. 5. Homemade bridge circuit used to measure small oscillations of temperature.

Fig. 6 .

 6 Fig. 6. Stage#1: Thermometer calibration sequence Stage #2 Calibration of P DC (T): In this sequence one obtains the relation between the DC power dissipated in the heater ring and the resulting temperature elevation of the membrane, as measured by the central thermometer after using R th (T) from sequence#1. The copper disk temperature is held constant at 10.15 K and the P DC power is increased point by point, while simultaneously measuring R th (T). A typical output of this sequence is shown in Figure 7. The derivative of the curve P DC (T) yield the thermal conductance k B of figure 3.

Fig. 7 .Fig. 8 .

 78 Fig. 7. Stage#2: DC power calibration sequence. Stage #3 Calibration of P AC (T): From this sequence one obtains the relation between the DC power dissipated in the central AC heater of the membrane and the temperature elevation of the center of the membrane. For each point, the average temperature of the membrane is held constant by injecting a DC power in the heater ring. A typical output of this sequence is shown in Figure 8. The elevation of the temperature of the center relative to the temperature of the ring varies between 1.7 and 1.3 K in the whole tem. The derivative of the curve P AC (T) yield the thermal conductance k 1 of figure 3

Fig. 9 .

 9 Fig. 9. Analysis of the thermal conductance 𝑘 1 taking account of the copper leads one 𝑘 𝐶𝑢,𝑙𝑒𝑎𝑑𝑠 . The thermal conductance of the PPQ membrane is deduced

Fig. 10 .

 10 Fig. 10. Comparison between the thermal conductance 𝑘 𝐵 as estimated from the thermal conductivities 𝜅 𝑃𝑃𝑄 and 𝜅 𝐶𝑢,𝑙𝑒𝑎𝑑 (open circles) and measured one (solid line).

Fig. 11 .11. 1 .

 111 Fig. 11. The copper wires and the membrane reduce the amplitude of the thermal oscillations of the measurement cell due to a diffusion effect. They form a composite medium that contributes to the heat capacity measurement over a typical thermal diffusion length 𝐿(𝜔). Assuming of a linear propagation, the oscillations are damped as 𝑒𝑥𝑝(-𝑥/𝐿(𝜔).

Fig. 12 .

 12 Fig. 12. Frequency independent contribution to the heat capacity of the sample holder (𝐶 𝑠𝑝𝑜𝑡 ). the Estimates are made from the dimensions and from the heat capacity of each component

Fig. 13 .

 13 Fig. 13. Thermal penetration depth along the copper/membrane diffusive medium. Inset: frequency dependent contribution per unit length to the heat capacity coming from the diffusive contribution of the copper leads.

Fig. 14 .

 14 Fig. 14. Addenda contributions to the heat capacity. Solid line: diffusive contributions. Axial dashed line: nonfrequency contribution 𝐶 𝑠𝑝𝑜𝑡 . Dashed line: total contributions

Fig. 15 .

 15 Fig. 15. Adiabatic plateau of an empty membrane versus frequency at 90 K (circle: measurement, strait line: fitting function). Inset: total addenda heat capacity as function of frequency together with non-diffusive contribution 𝐶 𝑆𝑝𝑜𝑡 and the diffusive contribution 𝐶 𝑝𝑎𝑑𝑠 .

+ τ gold 2 × m 2

 22 15 -16 with C gold instead of C s . The fitting parameters are C ω = C pads × √2D pads ω ⁄ , C spot = C m + C gold , τ C = C spot k 1 ⁄ , and the quasistatic time constant τ 2 = τ im 2 where m = C m (C m + C gold ) ⁄

Fig. 16 .

 16 Fig. 16. Photograph of YBCO#3 sample (11 µg). Inset: Top meander: AC heater, bottom meander: thermometer. The crystal mark is shown as a dotted line. The sample is bonded below the thermometer. This promotes longitudinal heat exchange between the heater and the sample and provides long internal quasistatic time constant. Composite leads connect the sensors to the baseline.

Fig. 17 .

 17 Fig. 17. Photograph of UBC#2 sample (33 µg). Inset: Top meander: AC heater, bottom meander: thermometer. The crystal mark is shown as a dotted line. The sample is bonded below the thermometer and extends to the AC heater due to its larger size. This promotes transversal heat exchange between the heater and the sample and provides shorter internal time constants.The quantity ω × T AC , measured for sample YBCO #3, is shown in Figure18for temperatures of 60, 90, and 150 K.

Fig. 19 .

 19 Fig. 19. Heat capacity gap of YBCO #3 at the superconducting transition measured at 3 Hz and 11 Hz

Fig. 20 .

 20 Fig. 20. Heat capacity as function of temperature for five YBCO single crystals with masses ranging from 11µg to 34µg. The YBCO samples are synthesized at the CRTBT laboratory (France), while the UBC samples are from the University of the British Colombia (Canada).

  C raw = (1 + 1 2 (ωτ i ) 2 ) × (m × c YBCO (T) + A × C spot (T) + B × C(ω, T))(22)reprint: Rev. Sci. Instrum. 68 (3), March 1997 https://doi.org/10.1063/1.1147938 P a g e | 20

Fig. 21 .

 21 Fig. 21. Specific heat jump due to the superconducting transition for YBCO #3 sample. The monotonous phonon background is subtracted assuming two Einstein phonon modes.

  

  

  

Table 1 .

 1 Values at 90 K

Table 2 .

 2 Values at 90 K for empty membrane.

reprint: Rev. Sci. Instrum. 68 (3), March 1997 https://doi.org/10.1063/1.1147938 P a g e | 16

Table 3 .

 3 Weighting 

term of heat capacity measurement for YBCO #3 and UBC #2 together with the experimental quantification of the quasistatic time constant 𝜏 at 90K. reprint: Rev. Sci. Instrum. 68 (3), March 1997 https://doi.org/10.1063/1.1147938 P a g e | 19

Table 4 .

 4 Estimation of the internal time constant of the membrane from the quantification of quasistatic time

constant. The estimation is valid for T=90K and frequency measurement ranging within [3Hz; 11Hz]

Scientific Instruments(1996). The present document required a careful rereading of the document. Errors were identified and corrected by myself, while maintaining the structure of the document, which was proofread by my expert colleagues. I also improved graphic charts to give to the reader a better reading of this work.
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