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Thermal properties of AIN-based atom chips

J. Armijo, C. L. Garrido Alzar and |. Bouchoule
Laboratoire Charles Fabry de I’ Institut d’ Optique, UMR 8501 du CNRS, 91127 Palaiseau Cedex, France

We have studied the thermal properties of atom chips camgisf high thermal conductivity Aluminum
Nitride (AIN) substrates on which gold microwires are diteceposited. We have measured the heating of
wires of several widths and with different thermal couptinig the copper mount holding the chip. The results
are in good agreement with a theoretical model where theszappunt is treated as a heat sink and the thermal
interface resistance between the wire and the substrasmishing. We give analytical formulas describing the
different transient heating regimes and the steady stateid@ntify criteria to optimize the design of a chip as
well as the maximal currents. that can be fed in the wires. For a 60 thick-chip glued on a copper block
with Epotek H77, we find. = 16 A for a 3 um high, 200um wide-wire.

PACS numbers: 39.25.+k, 03.75.Be

I. INTRODUCTION erally Si0,, needs to be placed between the wafer and the
metallic wires. Unfortunately, SiPis also a thermal insula-
or, and, in a previous study [L7], it was found that this faye

Afew years after the first Bose Einstein condensates (BEC>S the main limitation to the removal of heat in Si-based atom
in atomic vapours, the will to miniaturize the set-ups hak le

to the production of atom chips, which consist in microfabri chips. On the other hand, AN is a substrate material that

cated elements, most usually wires, that are used to trap ar“fs been especially selected for being simultaneously d goo

manipulate cold atomic clouds. The atom chip soon becamgseecér]lg?lh'inilfIa;&;??:ég;gg;gﬁ{gﬂ Col?cil:g% [Ilté'igiﬂr
increasingly popular as a compact, robust and versatilieeev gn-p PP

suitable for the production of BECﬂ[ﬂ ﬂ 3] and for studiesand more groups working on atom chips are now moving to

on quantum matter, cold atom-based metrology, or quantuﬁﬁlN sqpstratesﬂgl_jﬂqul], because t_hey allow for direct
information B]- eposition of the wires on the substrate. Since no thernmal co

il o . tact resistance between the wire and the substrate is eect
The major interest of atom chips is to manipulate atomsy,,ch better heat dissipation is foreseen.
in the close vicinity of the field sources, so that trapping po  \wg have fabricated such chips and measured their thermal
tentials with strong spatial variations can be obtaineday v penhayior. We first present the model that we have developed to
low power consumption. Small structures and tightly con-ynderstand our experiments and identify the differentihgat
fining traps allow one to perform efficient evaporative COO"regimes. We then show that this model reproduces very well
ing at high collision rates, to squeeze cold clouds to Veryna measured wire heating for different wire widths, difier
anisotropic geometries so that Ipw dimensional r_egimes athermal couplings to the copper mount and within the differ-
reached [[6[]6[] 7] 8], and make it possible to realize a gregty heating regimes. In particular, we show that the heating
diversity of trapping geometrief [4]. in AIN-based atom chips is only governed by heat diffusion
Still, there are limits to the miniaturization of the strus  in the substrate, unlike the Si-based atom chips. Thergefore
and for several reasons, large currents can still be needethe relevant phenomenon to consider for the current limita-
First, as the loading stages require traps deep and widganoutions is the long-time heating rather than a fast heatingtdue
to collect a high number of atomf [9], big structures runninga thermal resistance between the wire and the substrate. The
large currents are needed. These large loading structares cthermal coupling to the copper mount and the possibility to
be placed below the chip [[10], but other limitations stilepr  quickly reach a stationary regime thus acquire a crucial im-
vent the use of arbitrarily small structures. One problem isportance. Finally, we draw pratical conclusions on therogti
that when atoms are brought close to the source wire theylesign and the current limitations of AIN-based atom chips.
become sensitive to the potential roughness created by the
wire’s imperfections[[[1[ 2]. Second, it is often desieabl
to avoid the interactions between the atoms and the surface [l. THEORETICAL MODEL
(Casimir-Polder forcelﬂ:EIM] or Johnson noise causing-spi

flip losses [1B[ 16]), which involves keeping the atoms astlea At any time of its operation, the temperature of a current-
some microns away from it. For all those reasons, the maxcarrying wire is the result of its resistive heating and teath
imal current that can be carried by each wire is a crucial paremoval via different channels. Most of the heat is removed
rameter determining the possibilities of an atom chip. Thispy conduction through the substrate on which the wire is de-
maximal current is determined by the dissipation of the heaposited, out to the chip mount, considered as a heat reservoi
generated in the wires. When the chip is placed in a vacuum chamber, the only other

Up to now, atom chips have mainly been realized on Sil-mechanism for heat dissipation is black-body radiatiorhef t
icon (Si) wafers because Si is cheap, fabrication techisiquewire which, as we show later, has a negligible effect. In air,
are well developed, and it is a good thermal conductor. Butas for some of the experiments presented below, air convec-
as Si is semiconductor, an electrically insulating layemn-g tion can also play a role, but it is expected to be negligiile,



voir, we can construct a length = Ao. However, a more

«—» _ Auwire
h1i>zi i" relevant length scale i = +/el., denoted as the stationary
l”x — ¥ - length, as we explain in the follpwir]g. Thus, three diffdren
a ox 2/ |e\ AIN substrate length scales govern the hegt diffusion proceﬁs_, e a_ndls.
«— — From these lengths we derive the corresponding time scales
- - - l l - — tw = W?2/D, t, = ¢*/D andt, = [?/D. Table]} gath-

I z ers the most relevant parameters and gives their value éor th

— experimental case studied in this paper, in the most falerab

situation where the chip is glued onto the copper block.

Let us first consider the step response of the system for a
FIG. 1: Sketch of our model. The substrate is infinite inthdirec-  wire of constant resistivity : the wire and substrate aremt-t
tion and the Cu mount acts as a heat reservoir. The heataliedip peraturel}, when the current is suddenly turned on, producing
in the wire diffuses in the substrate in the 1Dz, 2D and 1Dxmeg 3 heat flow from the wire to the substrate per unit length and
§ucce55|vely. When the transverse spredd, ian equilibrium state per unit time®. We compute the evolution of the wire temper-
is reached (see text). (color online) ature, noting byAT its deviation fromZ}. In the equations,
we express temperature in energy unit, setfigg= 1. To
give some physical insight we consider the situation where

A |AIN conductivity 128 W/(Km) the characteristic times satistyy < t. < ts, a situation
D|)\/c: AN diffusion constant 53 mnt/s usually fulfilled. For timeg < ty, the energy has diffused
o |thermal contact resistance between x 10—+ m2K/W inside the substrate over lengths much smaller than the wire
substrate and heat sink width W. Then the diffusion inside the substrate is expected
¢ |substrate thickness 600 um to be one-dimensional in the z direction (see Eig. 1) andig th
I | Ao : contact length 14 mm 1Dz regime the wire heating can be written as
ls |/el. : stationary length 2.9mm d 1
ts|12/D = oec: stationary time 0.16's AT'P? = W\/——)\\/E 1)
te|e*/D : crossover time betweedD|6.7 ms e
and1Dx regimes Next, for timestyy < t < t., the energy has diffused into
o |resistive power generated by the wie20 Wi ! the substrate over lengths much larger than the wire width bu
per unit length much smaller than the substrate thicknesso that the heat

diffusion is well described by a two-dimensional model (see

TABLE I: Relevant parameters for the wire heating and thalug in Fig D) and we expect the temperature to increase as

the case experimentally studied in this paper where theisfglued

onto the copper block. The value @fis given for a200 um wide, P W2 + 92Dt

3 pm high gold wire running a current of 5 A. AT?P = —_In | —<ff =7
2T\ VVeQff

)

whereW.g is an effective width on the order &F. At times

particula_lr since the wir_es in th_e chip we use are covered by g > t., the energy has diffused over lengths much larger
6 um .th|ck-layer of resist of high thermal resistance. In thehan the substrate thickness so one expects now a one-
following, we thus assume that heat conduction inside the su dimensional model in the x direction (see FEJ 1) to be an

strate is the only mechanism for heat removal and we Computg. o rate description of the wire heating, which takes thefo
the expected heating of the wire.
In our model, depicted in Fig] 1, we assume that the wire,
of width W along ther direction is infinite in the, direction.
We also assume that the substrate of thickrmasdnfinite in
the transverse direction x. The back surface of the subsat This formula is valid as long as the energy flux per unit length
supposed to be in contact with a heat reservoir at temperatuto the reservoi® i is much smaller tha®. The heat flux to
T, with a thermal contact resistanee(in m*K/W). Finally,  the reservoir per unitareajg = (T'(z) —Ty)/o whereT'(z)
we assume that the energy flux per unit area from the wirés the substrate temperature at positiotJsing7'(0) — Ty =
to the substrate is homogeneous over the wire width. Using\T" and sincel’(x) — Ty, falls off to zero over a width of order
these hypothesis, we compute the temperature inside the sup = /D¢, we find that®, = [dxjr ~ AT\/E/U. Insert-
strate and in particular just below the wire. We assume thahg in Eq.|}, we findbr ~ t®D/(el.) = ®t/t,. Thus Eq[B
the thermal contact resistance between the wire and the sul-valid as long ag < t,. Fort ~ t,, ®r ~ & : the heat
strate is vanishing so that the substrate temperature afitbe  flux to the reservoir compensates the input heatdhand the
position is equal to the wire temperature. system reaches a steady state. This justifies the denotdtion
The substrate thermal properties are described by its spé; andl, as the stationary time and length respectively (see
cific heat per unit volume and its thermal conductivity. Fig. E). Interestinglyts, which can be rewritten as = ceo,
The resulting diffusion constanti3 = A\/c. With the thermal does not depend oA. Note also that is equal to the re-
contact resistance between the substrate and the heat redexation time of the substrate, defined as the time consfant o

1

eV e\

ATPT = @ V. (3)
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Most importantly, we use Ec[| 5 to compute the transient

35E heating of the wire. Figﬂz shows the result of the calcutatio
3_ for an input energy fluxd which is a step function in time,
< 55_ for well separated length scales. Fits in the three differen
g F temporal domains are in good agreement with the analytical
I / laws derived above. We observe that the initiélz behavior
:] 1.5;— fails n_oticeably already for ~ ¢y, /10 and thatiW.g in Eq.@
1E is noticeably smaller thafV (W.g ~ 0.17(3)W). On the
0.55_ /W/te t, other hand, the transition fr(_)_m tI?ﬂD to thel D regime and
0: e A the convergence to the e_qU|I|br|um state occur as expeacted f
10%°10° 10® 107 10° 10° 10% 102 102 10 t ~t. andt ~ t, respectively.
tDN 2 The above calculations assume that the energy flois

constant in time, however, as the wire heats up, its registiv
FIG. 2: Transient wire heating fdi’ = 3 x 1031, ande = 3 x and consequentlg as well, also increase. To take this effect
1021, (dashed line). Temperature and time are scalefity and ~ iNto account numerically, we compute the wire temperatare a
t. = I2/D respectively. The solid lines cogrgspondﬁ)o fits with the .
functions (from earlier to later times) « AT""*, AT*" andas + ’ N
bgATlDz,(the fitted parameters bei}mg = 0.74, Weg = 0.17?;/1/, T(t) =To+ /0 R(t —t )@(t )dt ©6)
a3 = 1.0 andbg =0.79.
where the impulse response functififit’) is determined us-
ing Eq.[5. To computé(#') at a given’’, we assume a homo-
the exponential decay of the substrate temperature after a hgeneous wire temperature, so tdgt’) = I12p(T'(t'))/hW .
mogeneous heating. This can be understood by the intuitiv@his approximation is justified a posteriori since the cotepu
picture that the heat spreads in the substrate as long as it haire temperature inhomogeneity never exceeds 10% for the
not been absorbed by the mount. parameters explored in this paper. The dependence of the gol
When the stationary flow is finally established, the equilib-resistivity with temperature is approximated by
rium temperature at the wire can be estimated by summing up
the contributions of the three successive regimes. The con- p=po(l+aAT) (7)

tribution of the latel Dz regime is found replacing = t, L ) , )
wherea = 0.0038 K~ is obtained from a linear fit of the

in Eq.[§: 7.0 = O‘%\/g' wherea is a numerical prefac-  reported values gf between 200 K and 500 K p2].

tor. From Eq[P, we find that th2D regime contributes to  Our last remark about the model concerns the assumption
an amountT2” = —Eiin(s-) whereW, is of the order of that the input energy flux(z) is homogeneous over the wire
W. As for the initial 1Dz regime, its contribution scales §  width. This is expected to be true if there is no spatial re-
so that it is possible to incorporate it#i£” by renormalizing ~ distribution of the energy released by Joule's effect iesfe

W,. Finally we get the analytic expression for the equilibrium Wire, but might be inaccurate if the wire height is not small

temperature compared to its width or if the wire thermal diffusion con-
stant is very large compared to that of the substrate. In the
& [I. @ e extreme case where the wire temperature is uniform, simple
ATy = Ve + —— <Wo) (4)  calculations can be done, to provide an upper bound on the

error. More precisely, foe > W and for times much larger

where we have replacedby 1 a posteriori from the calcula- thantw, we findf24]j(z) ~ 2®/(xW+/1 = (20/W)?). Us-
tion that we explain below. ing Eq.[$, we then find that the equilibrium temperature is
In order to get quantitative predictions and to investigatdower than in the case of a uniforjiz) by an amount smaller
the crossovers between the different diffusion regimeis it than 5% for all the parameters explored in this article. Thus
useful to perform numerical calculations. For this purpese We expect that the error in our predictions caused by our as-
use standard Fourier analysis. For an input heat flow at th&umption onj(z) cannot be larger than 5%. Alternatively,

top of the substrate that varies gs,e?**cit, we find the the small wire temperature inhomogeneity predicted by our
temperature at, z = 0 ’ model shows that both boundary conditions give similar re-

ﬁTk; S ( E)/ C C:S ( E)

Tk Cosh(Ke) /1. + KSinh(Ke) KA’ ®)

I11. COMPARISON WITH MEASUREMENTS

where K = Vk? +ichw. We make the assumption that the

heat flow j(x) is homogeneous over the wire size. The equi- We now come to the experimental measurements and their
librium temperature is then obtained settingo 0O in Eq.@. comparison with the model. The chip is based on an AIN sub-
In the casd. > e > W, the wavevectors much smaller than strate of thickness 600(5@)m and of size 25 mm35 mm.

1/e give a lorentzian contribution, whose integral yields theGold wires of height 3um are deposited by evaporation on
prefactora = 1/2 for the first term in rhs of Ecﬂ 4, the substrate, on top of a 30 nm thick-titanium adhesiorrlaye
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We measure the wire heating after a constant currentisdurneof o was previoulsy reported for such a small contact pres-
on by monitoring the wire resistance and using@q. 7. The cursure at a Cu-AlN interface. A much better coupling could be
rent supplies we use allow a current rise time of about40 obtained for pressures higher thei? Pa ], but such high
The wire resistance is deduced from the voltage drop adross pressures do not seem realistic in the context of atom chips,
The contributionR,. of the connecting wires and the contact because usually a large free surface on the chip is required.
resistances has to be subtracted from the measured resistanThe value ot also depends on the surface quality, so we need
To computeR,., we measure the circuit resistance at a cur-to mention that the substrate we use has a backside roughness
rent low enough to produce negligible heating and subtracamplitude of about 100 nm. Importing in the model the mea-
the contribution of the microwire, computed using the nom-sured value o, we compute the heating of the wire after a
inal wire dimensions and the gold resistivity value at 300 K.5 A current-step, with no adjustable parameters. The result
We perform heating measurements on two different wires shown as a dotted curve in Fi [l agrees with the measure-
a 200um wide, 20 mm long-wire and a #m wide, 3 mm  ment to better than 10%, which is a good validation for our
long-wire. model.

To investigate the heating on long time scales we use the Inreal experiments, unless the chip is itself one of thesvall
200 m wide-wire, in which we run a current of about 5 A. of the vacuum chambl], the contact surface between the
Three main cases are considered. First, the chip is laid ochip and the heat sink is in vacuum. We have thus also studied
paper to thermally insulate it from the copper block. Secondthe case of a chip maintained on a copper block in vacuum, at
itis maintained on the copper block, either in air orin vaouu  a pressure lower than)—! mbar. We find that the thermal
Finally, the chip is glued on the copper block with Epotek contact resistance,.. between the substrate and the copper
H77. is much larger than in air, meaning that the thermal coupling

In the case where the substrate is laid on paper, we conid room conditions is actually caused by the air presentén th
pare the data to the theoretical model, assuming that no he¥@ids between the substrate and the copper block. To measure
escapes the substrate {~ co). As shown in Figml, we find  vac, W€ monitor the cooling of the substrate with the same
agreement within a few percent for times lower than 2 s, proProtocol as in air, with the difference that, since the aogli
vided the AIN thermal conductivity is set fo= 128 W/(Km).  time is larger than the thermalization time of the subst(ate
This value is close to the reported values for A [18] al- few seconds), thermal insulation of the substrate in thealni
though somewhat smaller. The discrepancy may Compensaﬂ@aﬂng stage is not needed. The measured relaxation time is
for imprecisions on the other parameters (AIN heat capacityvac = 26 S, corresponding to,. = 1.8 x 107?m*K/W.
gold resistivity, wire size and substrate thickness) whiodr ~\We also measure the relaxation time in vaccuum for a chip
fixed to their nominal values. In all the following, we usesthi laid on paper and find2 s, a value several times larger than
fitted value of\. With our substraté. ~ 7 ms, so that for the  Tvac- This confirms that conduction to the copper is the main
times considered in Fig.]Il, one expects the heating pmcescooling mechanism for a chip held on copper, even in vacuum
to be well explained by thé Dz model of Eq_ng_ Using this Where the thermal resistanee,. is high, and that black-body
simple model and including the dependence of gold restigtivi radiation is negligible. In practice, since the statiortane ¢,
with temperature, we obtain the short-dashed curve shown ii§ identical to the relaxation time, the coupling to the copper
Fig. m It agrees within 5% with the more complete calcula- block has negligible effect on the wire heating for times muc
tion. The discrepancy, which is about a constant offsetyes d Smaller thanr. In particular, within the time of our measure-
to the early2D regime. At times longer than 2.5 s, the datament (4s), we observed a heating equal within 5% to the one
show an excess heating compared to the model. We attribufdserved when the chip is laid on paper.
this effect to the finite size of the substrate : after 2 s In order to mitigate the wire heating, especially if opergti
the heat has diffused over a typical distaré®t = 1.1 cm,  invacuum, the previous studies show that it is highly dédéra
larger than the distance from the wire to the substrate edgm fill the voids between the chip and its mount. Thatis why, in
(2.0 cm). the last situation, we have glued the chip onto the coppekblo

In the case where the substrate is maintained on copper, téth a thin layer of Epotek H77, a glue of high heat conduc-
relevant new parameter is the thermal contact resistamee  tivity (according to the specificationd; 77 = 0.66 W/(mK))
tween the substrate and the copper block. We have measuré@ntaining grains whose maximal radius is specified to 20
o in the following way. First, we heat the substrate to a tem-+#m. The experimental value of the steady state temperature
peraturel’; ~ 500 K by running current in a wire and letting (see Fig[Tll) is obtained, within our model, for a thermaheo
the substrate thermalize for a few seconds, while keeping fiaCt resistance: = 1.1 x 10~* m*K/W, which corresponds
isolated from the copper with some paper. Then, we suddenf@ & glue layer of 73m, assuming a homogeneous glue layer
remove the paper so that the substrate is in thermal contaghd neglecting interface resistances. Importing thisevaito
with the copper block, with an applied pressur@of 103 Pa.  the model, we compute the expected wire heating, shown in
We monitor the thermal relaxation of the substrate by recordFig. [l] as a dashed-dotted line. It matches the time evoiuti
ing the resistance of one of the chip wires in which a smallvery well.
current of10 mA is constantly flowing. A fit to the function We now turn to the measurements of the heating at early
T = To + (Th — Ty)exp(—t/7) yields the relaxation time times. With a 20Qum wide-wire, the earl2 D heating regime
T = oce = 0.82 s, which gives the thermal contact resistanceis barely visible, because the conditidnh < ¢ is not fulfilled.

o = 5.77 x 10~* m?K/W. To our knowledge no measurement We thus use the Zm wide-wire. The measurements were
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FIG. 4: Wire heating at long times for agfn wide-wire running a
current of 1.7 A. Lines are predictions of the full model {dpkand
the bare2 D model of Eq[lz (dashed). The crosses are experimental

FIG. 3: Wire heating at long times for a 2@n wide-wire running a
current of 5 A. Solid lines give the experimental results fom top
to bottom, a chip laid on paper, a chip maintained on a copleekb
with a pressure o x 10® Pa and a chip glued on the copper block. data.
The other lines are theoretical predictions (see text).

wire.

taken for a substrate laid on paper and are shown on[Fig. 4. The data from Fig[J4 can additionally be used to place an
The prediction of the model with no free parameters, takindupper limit on the thermal contact resistange between the
into account the 1Qis current rising time, is shown as solid wire and the AIN substrate. In presence of a finitg ,

line. For times between 10@s and 5 ms, we clearly observe the wire temperature increases by ®/W on a time scale

a logarithmic increase of the temperature, as expected from,, = 4y, C,h, typically smaller than Jus, whereC,, is

the 2D model, and the calculation agrees within 10% with the heat capacity of gold. This fast heating has been obgerve
the measurement. The dashed line is the result of the baig Sj-based atom chipﬂl?]. Our data however are compat-
2D model of Eq[P, including the temperature dependence oble with a vanishingry,, since they agree with our model
gold resistivity. W is adjusted td.15 W, so that t_he_ bare which assumesy, = 0. More precisely, within the pre-
2D model and the more complete model agree within 1% atision of our model and measurements, we can confidently
times smaller thai ms. At larger times, the model predicts say that the excess heating due to a finite cannot be more

a stronger heating due to the onset of tfiéx regime, which  than 10 K in the first 10Qs, which yields the upper limit

is also visible in the experimental data. For times larganth 5, = 2.3 x 10-3Km2/W, corresponding to a conductance

50 ms, the model overestimates the temperature incre@se rapf 4.3 x 107 W/(Km?2). This contact resistance is a factor 6.6
This is very likely due to the finite length of the wire : indeed smaller than the values reported im[ﬂ],

att = 100 ms, the heat has spread in the substrate over a
typical distance/Dt = 2.3 mm that is no longer negligible
compared to the wire length = 3 mm. At longer times, the
spread of the heat becomes two-dimensional in the plane of
the substrate, which is more efficient for heat removal.
Because it is experimentally relevant, it is worth investig
ing briefly the effect of the finite wire length on the sta- In order to minimize the wire temperature, it is of course de-
tionary temperature. As long ds < L, the equilibrium  sirable to minimize the thermal contact resistandegetween
temperature is barely affected by the wire finite length. Orthe substrate and the reservoir. However, once a technology
the contrary, in the limit, > L, the model of an infinite is chosen, so once and!.. are fixed, it is possible to use our
wire fails. In this case, for times > L2/D, the wire tem- model to optimize the chip design and to compute the maxi-
perature increases @sT2P*Y(t) ~ (®L/4we))In(Dt/L?)  mal currents that can flow in each wire.
until the equilibrium temperature is reached. Equatingrthe As we have shown from our measurements, in good oper-
put power with the heat transferred to the heat sink, we finditing conditions, a stationary state is expected to be eghch
that the equilibrium temperature is ab&tf”*¥ = T.P” x  within a few 100 ms. This means that typical experiments
(L/mls)In(l,/L), a value much smaller thaR.”* (see sec- on atoms will fall into the stationary regime; for exampla, a
tion 2). Quantitative predictions are obtained using a two-evaporation to BEC typically takes a few seconds in our set-
dimensional version of Ed] 5, settingto 0 and integrating up. Therefore the stationary temperatiNg,, is the relevant
over wavevectors in the x and y directions. In the experimenparameter to consider. In Fi. 5.a we pltt, for differ-
tal case considered in this paper, for a chip glued to the@opp ent wire widths and substrate thicknesses. The scalings use
block and for our 3 mm long-wire (for whichh = 0.96.L), T¢, are justified by dimensional analysis : since heat condnctio
is decreased by about 25% compared to its value for an infiniteside the substrate is governed by linear equations, thie eq

IV. PRACTICAL CONSEQUENCES



librium temperature is given by

@ 3)
ATy = 5 FOV/lere /1) ®

Note that the functiorf does not depend an which only en-

ters into account for the time scales of the transient regime
One sees in Fid] 5.a thAtT,, is very well described by Ef] 4,

in its domain of validity V' < e < [.. HereW, = 0.61W

has been obtained by fitting the calculation for = 10~4,

and5 x 1073 < e/l. < 0.3. The failure of Eq[|4 for the
lowest curve of Figl.|5.a at smad)i. is due to the fact that for

these parametefd” is no longer small compare Q. Then,

the 1Dz regime barely exists and only the initiaD = regime b)
is present. Roughly speaking, in the cas& [, the tem- B AT (K)
perature distribution has a 1D character, as can be seen in g 0

AT /(@A)

O b N Wb o N 0 ©

Fig. ﬁ.b(B) which shows the temperature distribution iesid -0.3
the substrate for the parameters of Table 1. In this regime, i -0.6
is favorable to increase, to "deconfine” the energy spread.

On the other hand, far > ., the1Dx regime of diffusion a
no longer exists : the steady state is realized directly #fie

2D regime when the energy reaches the substrate’s lower sur-
face. AT,, is then of the order dlfn(e/W)® /7, increasing
with the substrate thickness (F@;. 5.a). These argumeats pr
dict an optimal substrate thickness of the ordei of This

is confirmed by the calculations (Fiﬂ. 5.a), which show that
AT,, reaches a minimum for the optimal substrate thickness
e* ~ 0.3l., which is about independent &F. In this opti-  FIG. 5: Optimum substrate thickness. a) Equilibrium winapera-
mal case, the three length scalgs. ande are almost equal. ture versus substrate thickness for wire widths (from topattom)

In fact, e* is the smallest value af that permits the suppres- W/l = 107%,107%, 1.1 x 10~%, and 0.1. The dashed lines cor-
sion of thel Dx regime and therefore the temperature distri-réspond to Eq[]4 wittiVes = 0.61 1. Heating is minimum for
bution inside the substrate has a two-dimensional charact@ Substrate thickness of 0l3 b) Stationary temperature distribu-
(Fig. .b(A) . Note that the wire heating minimum is rathertlon for the parameters of our chip glued on copper, for atsates

broad (Fi a) : even with a substrate thickness as lo aof thicknesse=0.6 mm (B) and for a substrate of optimal thickness

N hlgh -a) . even wi d bu v ab ! 0 Was _ 78 mm (A). The wire, 20Q:m wide, runs a current of 5 A and
e”/10, the eatlrjg IS Increase _y only about 50/" its temperature increase is 24.3 K in case B and 15.8 K in case A
The second important quantity we can derive from our

model is the maximal current that can flow in the wires. Using
Eq.[T andd = pI2/Wh, we find that Eq[]8 is a self-consistent
equation, whose solution iI&T., = pol?/(Wh)f/(1 —
fl.I?/W12) wherely = \\/oh/poa. WhenI approaches
the critical currentl, = Iy/W/(l.f) a divergence occurs,
signature of an instability. In Fif] 6, we show the criticarc 08
rent 1., where the dependence iV has been removed by
dividing by /W/I.. Note that this maximal current corre-
sponds to an established stationary state. For situatibrsan
currents are only required for a time shorter thignhigher
currents can be used.
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V. CONCLUSION
Wi,

To conclude, we have presented the first study on the thegz- s i o -
L ) : _FIG. 6: Critical current divided by/W/I. and normalized tdy, =
mal properties of AIN-based atom chips. The main result is / ’

that, as expected, the thermal behavior is more favorahte th -V 7/poc, Versus wire width for substrate thicknessgé. = 0.5

. s . thick line, optimal case), 10 (dashed line) and 0.01 (thie)l The
with Si chips. More precisely, our measurements are Compatioint represents the case studied in this paper : a20Wide, 3um
ible with the absence of thermal contact resistance betweemgh_\,\,ire on an AIN substrate of widih— 600 um, for the baram-
the wire and the substrate. The heating of the wire is ewtirel gters of Table 1. In this casé, = 16 A.
explained by heat diffusion inside the substrate and itergibs

tion by the heat reservoir holding the chip. We have devel-



opped a model that accounts well for our experimental datare off is not long compared tq. Finally, heat conduction
for wires of different widths, for different couplings toegh through the copper block and its cooling may affect the heat-
copper block and within the different heating regimes. Theing on long timescales. Active cooling of the copper block
thermal coupling to the heat sink holding the chip is a criuciamay be envisioned.
parameter : in particular we have shown that, when operat- Different technologies may improve the thermal properties
ing in vacuum, it is recommended to glue the chip to the heabf atom chips. An expensive solution would be to use dia-
sink. Finally, the model is used to derive pratical learsing mond substrates because diamond, although electrically in
the optimum substrate thickness is computed as well as th&ulating, has a much higher thermal conductivity than AIN.
maximum current that can be run into the wires in the stationAnother key point is the realization of a better thermal con-
ary regime. tact between the substrate and the heat sink. If the backside
We have treated a simplified case, but, in practical situaef the chip is in air, using a thermal grease seems highly de-
tions, it is important to take other effects into accountsti sirable. Working in vacuum, a process leading to a thinner
as we already noticed, the finite length of the wire may reducglue layer may be developped and/or a different glue may be
significantly the heating. The vicinity of wires may also af- used. One could also consider soldering, the difficulty ¢pein
fect the thermal behavior : several current-carrying wéggs-  to avoid damaging the chip.
arated by distances on the order or smaller than the stayiona The Atom Optics group of Laboratoire Charles-Fabry is a
lengthi,, will experience a stronger heating. In the temporalmember of the IFRAF Institute. This work was supportedd by
domain, the accumulation of heat over several experimentdhe ANR grant ANR-08-BLAN-0165-03 and by EU under the
cycles will increase the heating if the dead time when cusren grant IP-CT-015714.
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