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PERMANENT-MAGNET MICROSTRUCTURESFOR ATOM OPTICS�A.I. Sidorov(a), R.J. MLean(a), F. Sharnberg(a), D.S. Gough(a)T.J. Davis(b), B.J. Sexton(b), G.I. Opat()y and P. Hannaford(a)(a)Centre for Atom Optis and Ultrafast SpetrosopySwinburne University of Tehnology, Hawthorn, Vitoria 3122, Australia(b)CSIRO Manufaturing Siene and TehnologyClayton, Vitoria 3169, Australia()Shool of Physis, The University of Melbourne, Vitoria 3010, Australia(Reeived June 3, 2002)We desribe the use of permanent magneti mirostrutures based ongrooved, perpendiularly magnetised thin �lms fabriated by eletron-beamlithography as optial elements for atom optis. Strong re�etion signalsand predominantly speular re�etion have been realised for beams of oldaesium or rubidium atoms normally inident on grooved perpendiularlymagnetised mirostrutures with periodiities of 1�4�m. We disuss theuse of perpendiularly magnetised mirostrutures to onstrut miniatureintegrated atom optial elements, inluding magneti waveguides, miro-traps and beamsplitters, for manipulating atomi de Broglie waves on thesurfae of a substrate.PACS numbers: 03.75.Be, 32.80.Pj, 32.80.Lg1. IntrodutionHigh-quality atomi optial elements inluding mirrors, beamsplittersand waveguides are needed for re�eting, oherently splitting, and trans-porting beams of slowly moving atoms in a variety of atom optis applia-tions inluding atom interferometry. An approah whih we are investigatingmakes use of the interation of the atom's magneti dipole moment with theexponentially deaying magneti �eld above a periodi array of magnets ofalternating polarity [1℄, in whih the deay length is determined by the peri-odiity of the array. When slowly moving atoms in low �eld-seeking magneti� Presented at the Photons, Atoms and All That, PAAT 2002 Conferene, CraowPoland, May 31�June 1, 2002.y Deeased 7 Marh, 2002. (2137)



2138 A.I. Sidorov et al.states approah the surfae of the magneti struture, they are repelled bythe inreasing magneti �eld strength, and the struture may behave as anatomi mirror [1�3℄. Proposed shemes for fabriating magneti mirrors in-lude reording periodi magneti �elds on ferromagneti substrates as insound reording [1℄ and onstruting planar arrays of parallel wires alter-nately arrying eletri urrents in opposite diretions [1℄. Suh magnetioptial elements are stati, robust and miniature, and may be suitable forportable sensing devies suh as gravimeters and gravity gradiometers.A periodi magneti struture may be onverted into a di�ration grat-ing, or di�rative beamsplitter, for slowly moving atoms by applying a smallbias magneti �eld perpendiular to the surfae of the struture to forma spatial grating [1, 4℄, or by vibrating the magneti struture or apply-ing an osillating orthogonal magneti �eld to form a temporal grating or�aousto�opti modulator� for atoms [5℄. A periodi magneti struture maybe turned into a magneti tube for guiding atoms by forming a ylindrialsurfae with the diretion of magnetisation along the axis of the ylinder [6℄.A ylindrial surfae onsisting of a double-helix solenoid with two identialinterwoven solenoids arrying equal urrents in opposite diretions [7,8℄ mayalso be used as a guiding tube for slowly moving atoms.In pratie, the periodiity of the magneti struture needs to be small,preferably of the order of a miron, to produe a �hard� ' magneti mirror andshort deay length (and hene large magneti �eld gradient) with minimal�end-e�ets�, and to allow the onstrution of a spatial di�ration grating(beamsplitter) with reasonably large di�ration angles or a temporal di�ra-tion grating with reasonable di�ration intensities [5℄. The hallenge is tobe able to fabriate magneti strutures with periodiity as small as a mi-ron that will speularly re�et slowly moving atoms. To date, approahesused to produe magneti mirostrutures inlude reording of strutureson onventional magneti media [2, 9, 10℄, and on magneto-optial �lms us-ing a tightly foussed laser beam [11, 12℄, and onstruting periodi arraysof urrent-arrying wires [13, 14℄. Magneti strutures reorded on onven-tional magneti media appear to be limited to periodiities of order 10 �mand by inhomogeneities in the magneti media [10℄, strutures reorded onmagneto�optial �lm have to date been limited by break-up of the premag-netised regions during the reording proess [15℄, while periodi struturesbased on urrent-arrying ondutors have been limited by urrent densityonsiderations to periodiities of about 50 �m [13,14℄.In this paper we report the use of permanent magneti mirostruturesbased on grooved, magneti �lms as optial elements for atom optis. Suhgrooved magneti strutures may be fabriated with miron-sale periodi-ity and exellent de�nition and surfae topology using eletron-beam lithog-raphy and repliation tehniques. Our earlier attempts to fabriate suh



Permanent-Magnet Mirostrutures for Atom Optis 2139magneti mirostrutures from ferromagneti nikel, obalt or AlNiCo mag-netised in-plane proved to be unsuessful owing to the di�ulty in mag-netising the thin �lms between the grooves of the mirostruture [11, 16℄.We have sine found that by using materials that an be magnetised inthe perpendiular diretion, suh as Co0:8Cr0:2, it is possible to fabriatehigh-quality magneti mirostrutures with periodiity down to a miron.Preliminary results of this work have been reported elsewhere [15℄.In the seond part of this paper we disuss the use of perpendiularlymagnetised mirostrutures to onstrut miniature integrated atom optialelements, inluding magneti waveguides, mirotraps and beamsplitters, formanipulating atomi de Broglie waves on the surfae of a substrate [17℄.Strutures based on permanent magneti �lms have potential advantagesover urrent-arrying devies [18℄: they an allow larger magneti �eld gra-dients (potentially �108G/m), and hene tighter on�nement of the atoms,without exessive heating or potential breakdown of the urrent-arrying ir-uits, and they allow higher stability and less noise owing to the absene ofeletri urrents.2. Periodi grooved magneti mirostrutures2.1. Physial priniplesWe onsider an atom with magneti dipole moment � moving in an in-homogeneous magneti �eld B(x; y; z). If the rate of hange of B(x; y; z)as seen by the moving atom is slow ompared with the atom's Larmorfrequeny, then the orientation of � adiabatially follows the diretionof the magneti �eld. The position-dependent interation potentialUint(x; y; z) = ���B(x; y; z) then exerts a gradient fore F grad=r(� �B)=�mgF�BrB(x; y; z) on the atom, where m is the magneti quantum num-ber, gF is the Landé fator, and �B the Bohr magneton. Thus atoms in low�eld-seeking magneti states (mgF > 0) experiene a repulsive fore whenmoving in an inreasing magneti �eld. Use of the Stern�Gerlah gradientmagneti fore has been demonstrated for a beam of laser-ooled atoms mov-ing in the inhomogeneous magneti �eld reated by a single urrent-arryingwire [19℄.For an in�nite periodi array of long magnets of alternating perpendi-ular magnetisation M(x) = +M0 and �M0 (Fig. 1(a)), the magneti �eldstrength at distane y above the array is given by [20, 21℄jB(x; y)j=B0e�ky ��1� e�kb�+ 13 �1� e�3kb� e�2ky os 2kx+ :::� ; (1)
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(b)Fig. 1. Shemati diagram of (a) a magneti mirror onsisting of a periodi ar-ray of perpendiularly magnetised elements of alternating polarity, (b) a groovedperpendiularly magnetised mirostruture.where k�1 = a=2� is the deay length, a is the periodiity, B0 = 2�0M0=� isa harateristi surfae magneti �eld, and the fators (1 � e�kb), et. takeaount of the �nite thikness b of the magnets. For distanes y > a=4�above the array and thik magnets (b � a=2�), the omponents of themagneti �eld are given by [21℄Bx(x; y) � �B0e�ky os kx ; (2a)By(x; y) � B0e�ky sinkx (2b)and the magneti �eld strength byjB(y)j � B0e�ky : (2)Under these onditions, the magnitude of the magneti �eld is independentof the oordinate x and falls o� exponentially with distane y above thesurfae with deay length a=2�, while the diretion of the magneti �eld



Permanent-Magnet Mirostrutures for Atom Optis 2141for a given y rotates in the xy-plane with period a. The third- and higher-order spatial harmonis in (1) ontribute a orrugation, whih for atomsof mass M dropped from height h has a relative amplitude given to goodapproximation by C � 13 � MghmgF�BB0 �2 : (3)For a grooved periodi magneti struture with perpendiular magnetisa-tion in the y diretion (Fig. 1(b)), model alulations show that the magneti�eld distribution is the same as for a periodi array of magnets of alternatingpolarity, but with the magneti �eld strength redued by a fator of two.Thus, for a grooved magneti struture the harateristi surfae magneti�eld B0 in (1) and (2) is replaed by B00 = �0M0=�. For a grooved mag-neti struture with in-plane magnetisation in the x diretion, the magneti�eld distribution is the same as for perpendiular magnetisation exept theexpressions (2a) and (2b) for Bx(x; y) and By(x; y) are interhanged.2.2. Model alulations of grooved magneti mirostruturesModel alulations, in whih eah magnet in the periodi struture isrepresented by a pair of sheets of urrent �owing in opposite diretions,were performed for various on�gurations of grooved magneti struture.For the magneti struture in Fig. 2 with a = 1�m, b = 0:2�m, d = 0:5�m,M0 = 5 kG and dimensions 15mm � 15mm, the harateristi surfae mag-neti �eld is B00 = 1:1 kG, ompared with the value 1.25 kG for the ase ofan in�nite array of thik magnets with large groove depth. The model al-ulations show that for 87Rb atoms dropped from a height h = 17mm ontosuh a mirostruture, the atoms see a orrugation with period a and rela-tive amplitude at the turning point of �B=B = 0.0016, whih is due largelyto �end-e�ets� arising from the �nite number (15,000) of periods in themagneti struture. The orrugations due to suh end-e�ets an be om-pensated by applying a small bias magneti �eld (43mG for the above ase)
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Fig. 2. Geometry of the grooved perpendiularly magnetised CoCr mirostruture.



2142 A.I. Sidorov et al.normal to the surfae. A bias magneti �eld may also be used to ompensatefor stray magneti �elds, whih need to be less than about 10 mG to keep��rms < 1 mrad. The residual orrugation is then �B=B = 0.0003 (withperiod a=2), whih is due to the third-order spatial harmoni in (2). Thisresidual orrugation leads to an estimated angular spread ��rms � 0:2mrad,allowing for integration over the atom's path. The above alulation assumesuniformly magnetised elements and grooves with perfetly straight walls.2.3. Fabriation of grooved magneti mirostruturesPeriodi grooved mirostrutures with periodiities of a = 0:7; 1; 2 and4 �m, groove depth d = 0:6�m, and dimensions 15mm � 15mm werewritten in photoresist by eletron-beam lithography, and a nikel master wasmade from the patterned photoresist using eletro-plating tehniques. A 0.12�m-thik �lm of gold was eletron-beam evaporated onto a passivated nikelsubmaster oated with a 50 nm-thik adhesive �lm of titanium/titaniumoxide, and a thik (� 2 mm) supporting layer of opper was eletro-platedover the gold, allowing the repliation of a non-magneti grooved Au/Cusubstrate. A 0.2 �m-thik �lm of ferromagneti Co0:8Cr0:2 was then d-sputtered onto the grooved Au/Cu replia, whih was maintained at 200ÆCto allow the Co0:8Cr0:2 �lm to grow with its easy axis of magnetisation inthe perpendiular diretion. Finally, the Co0:8Cr0:2 mirostrutures were utto the required size (10 mm x 9 mm) with a KrF eximer laser beam andmagnetised in the diretion perpendiular to the surfae to form groovedmagneti mirostrutures similar to Fig. 2.2.4. Charaterisation of the grooved magneti mirostruturesFig. 3(a) shows Atomi Fore Mirosope (AFM) and Magneti ForeMirosope (MFM) sans taken at a onstant height y � 0:05�m abovethe tops of the grooves of the magnetised Co0:8Cr0:2 mirostrutures. Thegrooves are represented by the dark regions in the AFM sans and by thelight regions in the MFM sans. The MFM sans show that the variation ofBy with x has a phase n� (but not n�=2) relative to the grooved struture,indiating that the grooved strutures have been suessfully magnetised inthe perpendiular diretion. Three-dimensional MFM sans (Fig. 4) showthat the variation of By with x is approximately sinusoidal even at distanesvery lose (y � 0:05�m) to the surfae. The approximate sinusoidal shapeis attributed to some rounding of the top edges of the groove walls dur-ing the fabriation proess, whih signi�antly redues the ontribution ofhigher-order spatial harmonis in the magneti potential (equation (1)). Themagnitude of the By omponent is found to derease exponentially with dis-tane y with a deay length given approximately by a=2� (Fig. 3(b)). In the



Permanent-Magnet Mirostrutures for Atom Optis 2143
$)0 0)0

� ���mP ��mP

3HULRG

���

���

���

���

��� ��� ��� ��� ���

'LVWDQFH�DERYH�PLUURU��QP�

OQ�%

Fig. 3. (a) Atomi fore mirosope and magneti fore mirosope sans of groovedperpendiularly magnetised Co0:8Cr0:2 mirostrutures with periodiities a = 0.7,1, 2 and 4 �m. The MFM sans were taken at a onstant height of 0.05�m abovethe tops of the grooves. (b) Plot of lnB versus height above the surfae for thea = 1�m grooved magneti mirostruture. The slope yields a deay length of0.14�m, ompared with k�1 = a=2� = 0:16�m.regions above the protrusions, i.e., at distanes lose (� 0:05�m) to the sur-fae, the By omponent shows evidene of domain struture, with domainsizes around 0.5 �m. In the regions above the grooves, i.e., at distanesy � 0:6�m above the bottom surfae of the grooves, the magneti inhomo-geneities assoiated with the domain struture are found to have deayedaway, onsistent with a domain size of about 0.5 �m.
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Fig. 4. Three-dimensional atomi fore and magneti fore mirosope sans ofa grooved perpendiularly magnetised Co0:8Cr0:2 mirostruture with periodiitya = 2�m. The MFM sans were taken at a onstant height of about 0.05�m abovethe tops of the grooves.Kerr-e�et hysteresis urves taken for the Co0:8Cr0:2 �lms exhibit a rhom-bus rather than square shape, with a remanent magneti �eld about one-quarter of the saturation �eld and a oerivity of about 1 kOe. The rhombusshape, whih is typial of Co0:8Cr0:2 [22℄, implies that not all of the mag-neti domains remain perfetly oriented after the magnetising proess, asindiated by the MFM sans at distanes lose to the surfae (Fig. 3(a)).The saturation magneti �eld for Co0:8Cr0:2 is about 5 kG [21℄; so for groovedmagneti mirostrutures with periodiity a = 1�m and 4�m and �lm thik-ness b = 0:2�m the harateristi �eld is estimated to be B0 � 280G and110G, respetively. The observed approximately sinusoidal variation of Bywith x at distanes lose to the surfae (Fig. 4) indiates that the oe�ientfor the third-order spatial harmoni in (1) is less than 1/3 for these magnetimirostrutures and that it should not be neessary to have harateristi�elds as high as B0 � 1 kG to produe a high-quality magneti mirror withthese mirostrutures.The re�etion of a ollimated HeNe laser beam from the grooved mag-neti mirostrutures reveals a small onvex ylindrial urvature, whih on-tributes an angular spread �� � 4mrad in the x diretion and �� � 2mrad



Permanent-Magnet Mirostrutures for Atom Optis 2145in the z diretion. The small urvature is attributed to stresses in theCo0:8Cr0:2/Au �lms introdued during eletroplating of the thik supportinglayer of opper.2.5. Performane of the grooved magneti mirostruturesThe grooved magneti Co0:8Cr0:2 mirostrutures were tested by study-ing the re�etion of a loud of laser-ooled, �+-pumped rubidium or aesiumatoms dropped from a magneto�optial trap loated 12�20 mm above thesurfae of the mirostruture.Time-of-�ight absorption measurements [3℄ for atoms falling onto themagneti mirostrutures show strong re�etion signals (e.g., Fig. 5 fora a = 1�m struture), where the re�etivity is determined essentially by thee�ieny of the optial pumping of the atoms into low �eld-seeking mag-
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Fig. 5. Time-of-�ight absorption signals for laser-ooled, �+-pumped aesiumatoms dropped from a height h = 18 mm onto a a = 1�m grooved Co0:8Cr0:2magneti mirostruture.neti states. Fig. 6 shows CCD images of laser-indued �uoresene signalsfrom a loud of rubidium atoms falling onto and bouning from a groovedmagneti mirostruture of periodiity a = 4�m. Two bounes and threefalls are learly observed before the atoms are lost by ballisti expansion dueto the transverse veloity omponent of the old atoms.Measurements of the speularity of the re�etion from the a = 1;2 and 4�m grooved mirostrutures were made by reording the spatialdistribution of the atom loud at di�erent times before and after re�e-tion, with the CCD amera positioned above the atom loud. Fig. 7 showsthe width of the spatial distributions measured in the x diretion
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Fig. 7. Width of the expanding rubidium atom loud as a funtion of time afterrelease from the optial molasses before (left hand line) and after (right handline) re�etion from a grooved Co0:8Cr0:2 magneti mirostruture with periodiitya = 4�m. The drop height was 12.5mm.



Permanent-Magnet Mirostrutures for Atom Optis 2147(perpendiular to the grooves and the optial pumping and probe laser di-retion) for an a = 4 �m mirostruture as a funtion of time after releasefrom the optial molasses. The slopes of straight-line �ts to the width ofthe atom loud give for the transverse veloity before and after re�etion:(vrms)before = (4:27 � 0:30) m s�1 and (vrms)after = (4:56 � 0:40) m s�1(where the unertainties represent two standard errors) and a temperatureof 20�K for the atom loud. Similar vrms values were obtained from �tsto the width of the atom loud measured in the z diretion (parallel to thegrooves). The above results yield a value for the transverse veloity intro-dued by re�etion of �(vrms) = (1.6 �1:12:0) m s�1 and an angular spread of��rms =(16�1120)mrad. The angular spread (�� � 4mrad) due to the smallonvex ylindrial urvature of the mirostruture has an insigni�ant e�etat the present level of unertainty. Similar analyses, but using smaller datasets, were performed for the a = 1 and 2�m magneti mirostrutures.2.6. DisussionThe above results indiate that within the present experimental uner-tainties (� �15mrad) there is no signi�ant angular spread of the atomloud introdued during re�etion from the grooved magneti mirostru-tures and hene the re�etion is onsistent with speular re�etion. Toredue the unertainties further will require reduing the transverse veloityof the atoms by ollimating the loud of atoms or by preparing or seletinga very narrow veloity distribution by using tehniques suh as veloity-seletive stimulated Raman transitions [23,24℄, or extending the spatial dis-tribution measurements out to muh longer times after the �rst re�etion.The quality of the grooved magneti mirostrutures ould be furtherimproved by using TbGdFeCo magneto�optial �lms instead of CoCr. Per-pendiularly magnetised TbGdFeCo �lms an have magnetisations as highas 3.5 kG, whih for the a = 1�m, b = 0:2�m magneti mirostruturewould produe a harateristi surfae magneti �eld of about B0 � 850G.Furthermore, magneti fore and atomi fore mirosope images taken onperpendiularly magnetised TbGdFeCo �lms show exellent magneti ho-mogeneity, with no evidene of domain struture, and a surfae topologialroughness of less than 1 nm.When the mirostruture is used as a di�rative beam splitter the an-gular spread ��rms introdued by the re�etion needs to be smaller thanthe splitting of the �rst-order di�ration peak �di� = �dB=(a sin�), where�dB = h=Mv is the atomi de Broglie wavelength, Mv is the atomi mo-mentum, and � the angle of inidene (de�ned from the horizontal). For� = 20Æ (whih is lose to the optimum for di�ration from a magnetigrating [4℄), v = 0:5 m s�1 (orresponding to a drop height h = 13 mm),M = 87 amu and a = 1�m, the de Broglie wavelength is 10 nm and the



2148 A.I. Sidorov et al.di�ration angle �di� = 28 mrad. Thus, in order to resolve the zero and�rst orders, the angular spread ��rms needs to be less than about 15mrad.When the mirostruture is used as an optial element in an atom interfer-ometer the transverse oherene length of the atom after re�etion shouldbe longer than the path length in the interferometer, in order for the inter-ferene fringes to have good visibility. Thus, for a path length of 20 mm and�dB = 10 nm, the angular spread ��rms needs to be less than about 1mrad.3. Integrated magneti atom optisWe are exploring the use of permanent magnet mirostrutures based onthe magneti mirostruture tehnology developed for the grooved magnetimirrors to onstrut miniature integrated atom optial elements, inlud-ing magneti waveguides, mirotraps and beam splitters, for manipulatingatomi de Broglie waves on the surfae of a substrate [17℄.3.1. Miniature surfae waveguides and beam splittersWe �rst onsider the magneti �eld distribution produed by a singleperpendiularly magnetised thin magneti strip, of width 2w, thikness bloated in the x�z plane with in�nite extension along z, on the surfae ofa substrate. The omponents of the magneti �eld (in SI units) are givenby [17℄Bx(x; y) = B08 ln �y2 + (x� w)2� �(y � b)2 + (x+ w)2�[y2 + (x+ w)2℄ [(y � b)2 + (x� w)2℄ ; (4a)By(x; y) = B04 tan�1 2bw �y(y � b)� x2 + w2�[x2+y(y�b)+w2℄2+b2(x2�w2)�4x2w2 ; (4b)where B0 = 2�0M0=�, and M0 is the magnetisation. The single magnetistrip, when ombined with a bias magneti �eld Bbias (e.g., from a pair ofHelmholtz oils), an produe a 2D quadrupole potential above the sub-strate (Figs. 8(a) and 8(b)). Atoms in low �eld-seeking magneti statesare attrated towards the minimum of the magneti potential, allowing 2Dtrapping and the formation of a guiding tube for old atoms. If the har-ateristi size of the 2D quadrupole trap is omparable with the de Brogliewavelength of the atoms then suh a devie an at as a surfae waveguidefor atoms.
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Fig. 8. Calulated magneti �eld distributions for three types of perpendiularlymagnetised thin-�lm waveguides. (a) Single-magnet strip of semi-in�nite widthwith horizontal bias �eld. (b) Single-magnet strip of width 20 �m with vertialbias �eld. () Two magneti strips of width 20 �m and separation 80 �m (betweenentres) with no bias �eld. The magneti �lms are 1 �m thik and the magnetisationM0 = 1.25 kG.Fig. 8(a) shows the alulated magneti �eld distribution for a singleperpendiularly magnetised strip with semi-in�nite width, b = 1�m, M0 =1.25 kG (typial for Co0:8Cr0:2) and a horizontal bias �eld Bbias = �50G.These parameters produe a 2D quadrupole trap loated 50 �m above theedge of the magneti strip with a magneti �eld gradient of 10 kG m�1.Fig 8(b) shows the magneti �eld distribution for a single magneti strip



2150 A.I. Sidorov et al.waveguide, with 2w=20�m, b=1�m and a vertial bias �eld Bbias=�15G.This on�guration produes a 2D quadrupole trap loated 40 �m above theentre of the magneti strip with a magneti �eld gradient of 20 kG m�1.Raising the bias �eld to Bbias=�50G lowers the entre of the trap to 7.5�mabove the substrate and inreases the magneti �eld gradient to 90 kG m�1.
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Fig. 9. E�et of a bias magneti �eld on the double-magnet waveguide (Fig. 8())in the viinity of a marosopi quadrupole trap with magneti �eld gradient50G m�1. The two traps merge for a bias �eld of �7:84G, demonstrating thepriniple of a beam reombiner or beam splitter. The magneti �lms in the double-magnet waveguide are 20�m wide, 1�m thik, and separated by 80 �m (betweenentres). The magnetisation is 1.25 kG.



Permanent-Magnet Mirostrutures for Atom Optis 2151A magneti mirostruture omprising two separated magneti stripsprodues a 2D quadrupole potential without the need for a bias �eld.Fig. 8() shows the magneti �eld distribution for two perpendiularly mag-netised strips with mid-points separated by 80�m, 2w = 20�m, b = 1�mandM0 = 1.25 kG. When a vertial bias magneti �eld is applied to the mag-neti mirostruture the 2D quadrupole trap an be moved up and down andmade to merge with or separate from a seond quadrupole trap. Suh a de-vie an at as a beamsplitter or reombiner for old atoms, as illustratedin Fig. 9. 3.2. Surfae magneti mirotrapsA ombination of a two-strip magneti waveguide, a bias magneti �eldand a pair of wires arrying urrent in the same diretion to generate a smallguiding magneti �eld an produe a novel type of 2D Io�e�Prithard (IP)mirotrap for oupling old atoms from a onventional Magneto�OptialTrap (MOT) or a mirror MOT [18℄ into a surfae magneti waveguide
Fig. 10. Mirror magneto�optial trap and a two-dimensional Io�e�Prithard mi-rotrap omprising two magneti strips (parallel lines), a bias magneti �eld and apair of wires (parallel arrows) arrying urrent in the same diretion.(Fig. 10). The mirotrap has a small apturing volume; so the atoms are�rst loaded from a MOT or mirror MOT into the quadrupole magneti trapprodued by the MOT oils and then adiabatially transferred to a maro-sopi IP magneti trap formed by a Z-shaped millimetre-sized wire mountedbeneath the substrate (Fig. 10) [18℄. The old atoms an then be loaded intothe 2D IP mirotrap by varying the bias magneti �eld to allow the mini-mum of the marosopi trap to merge with the minimum of the surfae IPmirotrap (Fig. 11). By altering the bias �eld and implementing evaporativeooling the atoms may be transferred to within about 10 �m of the substratewith a view to ahieving a Bose ondensate.
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Fig. 11. Sheme for loading old atoms from a marosopi quadrupole trap (mag-neti �eld gradient 50G m�1) into a double-magnet waveguide (Fig. 8()) byadjusting the bias magneti �eld. The magneti �lms in the waveguide are 20�m-wide, 1�m-thik, and separated by 80 �m (between entres). The magnetisationis 1.25 kG. 3.3. DisussionIt has reently been demonstrated that miniature surfae-mounted op-tial elements based on lithographially-patterned urrent-arrying miro-iruits [18, 25�28℄ have ertain advantages over marosopi free-standingoptial elements for manipulating old atoms. The use of urrent-arryingmiroiruits allows the fabriation of networks of mirotraps, waveguidesand ouplers. Saling down the dimensions of the optial elements and us-ing surfae-mounted mirodevies allow the use of moderate eletri urrents



Permanent-Magnet Mirostrutures for Atom Optis 2153and provides improved optial aess. The magneti �eld gradient and ur-vature sale as M=l2 and M=l3, respetively (where l is the harateristisize of the struture); so surfae-mounted mirodevies an provide largemagneti �eld gradients and very tight on�nement of the atomi de Brogliewaves. The tight on�nement inreases the elasti ollision rate and anspeed up Bose�Einstein ondensation, allowing ondensates to be produedmore easily and in more modest vauums [29,30℄. The vibrational quantumlevel splitting in the mirotraps an be larger than the photon-reoil energy(Lamb�Dike regime), allowing oupation of a single vibrational quantumstate.Magneti mirostrutures fabriated from permanent magneti �lms havepotential advantages over urrent-arrying miroiruits. Permanent mag-neti �lms an have large magnetisation (M0 � 10 kG) and an be fabriatedinto very �ne mirostrutures (� 1�m), allowing, in priniple, magneti �eldgradients as large as 108Gm�1. Permanent magneti mirostrutures analso be fabriated with muh larger overall dimensions than miroiruits.Finally, permanent magneti �lm devies avoid problems assoiated withexessive heating at high urrent densities, noise due to urrent variations,imperfet insulation and urrent leakages, and open and short iruits.For atoms in tightly on�ned mirotraps and waveguides, onsiderationneeds to be given to surfae�atom interations. Surfae-indued heatinghas been studied theoretially [31℄ and is predited to beome important atdistanes around 10�m. Deoherene due to oupling of the atoms to theenvironment and dephasing due to magneti �elds are also important issuesthat need to be investigated.4. Summary and future perspetivesA new type of magneti mirror based on grooved, perpendiularly mag-netised mirostrutures fabriated by eletron-beam lithography has beenonstruted, haraterised and tested. Strong re�etion signals and pre-dominantly speular re�etion have been realised for beams of old aesiumor rubidium atoms normally inident on grooved magneti mirostrutureswith periodiity ranging from 1�4�m. The auray of the speularity mea-surements (Æ(��rms) � �15 mrad), whih is urrently limited by the trans-verse veloity of the atoms, ould be improved signi�antly by ollimatingthe loud of atoms or by preparing or seleting a narrow veloity distribu-tion. This type of grooved magneti mirostruture appears to be the mostpromising approah to date for produing high-quality magneti optial el-ements with miron-sale periodiity.
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