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We have developed a low-temperature element-specific magnetic microscopy instrument at
beamline 4-ID-D of the Advanced Photon Source. The setup enables simultaneous chemical and
magnetic characterization of materials witil. xm? resolution at low temperatug>10 K) under

a moderate applied fiel¢<0.8 T). We demonstrate the potential of this apparatus by presenting
results correlating chemical and magnetic local behavior in inhomogeneous layered manganites and
multiferroic systems© 2005 American Institute of PhysicDOI: 10.1063/1.1921510

I. INTRODUCTION have limited temperature range and applied magnetic field
capabilities. PEEM also has the further limitation that it does
Many problems of current interest in magnetic materialsnot probe bulk magnetic properties since the detected elec-
relate to phase separation, percolation transitions, and corrgpns come from the top-50 A of the sample. This can be a
lating chemical and magnetic domains. In all these casegarticularly important issue in studies of doped manganites,
understanding microscopic magnetic domain structure angjhere surface oxygen concentration could be different than
its correlation with chemical composition is extremely im- jn the bulk. Other techniques, such as magneto-optical Kerr
portant. The colossal magnetoresistai€MR) properties  effect microscopy and magnetic force microscopydo not
exhibited by doped manganese oxides lika, S)MnOs, for  provide element-specific magnetic information. The require-
example, are thought to arise from a competition betweefnent to simultaneously image microscopic chemical and
magnetic and charge/orbital correlation addition, there  magnetic domain structure in bulk samples has motivated the
has been speculation that the metal-to-insulator transition igdvancement of hard x-ra—10 ke\j microfocusing tech-
due to a percolation transition and is dependent on magnetigiques at beamline 4-ID-D of the Advanced Photon Source.
domain growttf. Understanding the mechanisms behind thisn this article, we describe development of a hard x-ray scan-
domain growth and the role that chemical inhomogeneities\ing low-temperature element-specific magnetic microscopy
play in these intrinsically inhomogeneous doped systemgystrument designed to provide such information.
needs to be further elucidated. S|m|lar|y, CompOSite mixtures Using this instrument, one can direcﬂy correlate chemi-
of  ferromagnetic  half-metallic  perovskites  like cal and magnetic structure in novel materials, such as com-
LaggStsgMnO; (LSMO) with antiferromagnetic insulating plex oxides. In Sec. II, we describe the experimental setup
LuMnO; (LMO) have also been shown to exhibit CMR-type and its unique characteristics. Section I1l includes two sets of
behavior’ Models of CMR suggest that it is intimately re- experimental results presented to illustrate the capability and
lated to both the morphology of the chemical grains and theytility of the technique. The first result was obtained from a
alig.nment of magnetic domains within the ferromagnetichjlayer manganite system in which chemical inhomogene-
grains. ittes play a role in the CMR behavior and affect the
To understand the phase separation in magnetic matefzaramagnetic-to-ferromagnetic transition. The second study
als, and how chemical inhomogeneities are related to thas performed on multiferroic composite mixtures of ferro-
phase separation, requires microscopic imaging techniquefagnetic half-metallic perovskite LSMO and the antiferro-
that probe both the chemical and magnetic domain structuregagnetic insulating LMO. The results, discussed in Sec. IV,
under applied magnetic fields and at low temperatures. Wgemonstrate the advantage of simultaneously imaging

have developed a hard x-ray microprobe that can be used #hemical and magnetic domains in inhomogenous magnetic
address these questions in a unique way while providingnaterials.

complementary information to other existing probes of mag-

netic microstructure. Photoelectron emission microscopy

(PEEM), for example, has a very high level of spatial I EXPERIMENTAL TECHNIQUE AND SETUP

resolution’® but many of the currently available instruments  The magnetic microscopy instrument has been devel-
oped at beamline 4-ID-D of the Advanced Photon Sdtirce

dAuthor to whom correspondence should be addressed; electronic maiﬁ?ue to the high phqtor_1 flux, brilliance, and circular _p0|<'f1riz§1'
acady@aps.anl.gov tion available on this line. To couple to the magnetization in
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LHe in bility of the mirrors we designed the experimental setup for

Solid-State He out the sample to be within 1-2 mm of the optimal focal dis-

Detector tance. To fit a sample at low temperature in a moderate ap-

plied magnetic field at this small distance while maintaining
optical access for the detectors above the sample required

Focusing both a specially designed electromagnet and cryostat. A

— m'"ors\ vibration-free helium-flow cryostatl0-300 K was used to

,,,,, A \ cool the sample. A vibration-free cooling method is essential
R D"""“* for thgse meas.l,!rements since imagi_ng experiments require
Flux Monitor, submicron stability of the sample position. The cryostat was

originally designed for optical experimentdanis Research
Supertran Systenbut was modified with the addition of a
cold-finger extension on the end of which the sample is
mounted. This 108 mm extension allowed the sample to be
' ' o ' placed between the magnet pole pieces, as shown in Fig. 1,
FIG. 1 The experimental setup at b(-_:‘amllne_4_—ID—D. The |nc:|der_1t cwcularlyd,;md moved the cryostat body further away from the focusing
polarized x rays pass through slits, defining the beam size to 25 . . I
X 250 um?. The beam is then incident on mirrors that focus the beam ver-OPticS. A beryllium vacuum shroud9 mm in diametersur-
tically and horizontally to=4 X 4 um?. The focused beam is incident on the rounds the sample. A silicon diode, mounted at the base of
S}f‘mp'?e' ngg;i?iiise?éé?; rif;d r‘?‘fe{?‘ ;Lyrzsgfj‘etncg'd ﬁgigsegriﬁzniﬂg Ef;;’éeethe cold finger served as a control sensor for the proportional
tegtgros WZre mounted above thg sarﬁple to meagz’re tr|10e fluorescence sigﬁi\tegra! _dlﬁere_ntlal(PlD) temperature-control |00p, and ?n'
other silicon diode was mounted at the end of the cold finger
near the sample position to record the sample temperature.
ferromagnetic samples, it is best to use a circularly polarized he sample could be cooled to as low as 10 K with a stability
beam. At beamline 4-ID-D, a diamor{di11) phase-retarding ©on the order of 0.01 K. To cool to base temperature requires
crystal is used in Bragg transmission geometry to convernly 30—45 min. The entire cryostat assembly is mounted on
incoming linearly polarized x rays from an APS planar X-, Y-, andz-translation stages with 0,Am resolution, allow-
undulator-A to either left- or right-handed circularly polar- ing the sample to be scanned through the incident x-ray
ized (LCP or RCB x rays.10 The reversal between LCP and beam.
RCP x-rays is rapidly achieved using a piezoelectric actuator ~ To address a certain class of problems of interest in mag-
to rotate the phase-retarding crystal slightly50 arcseg  netism, one needs to apply a reasonably large magnetic field.
above or below the exact Bragg condition. Two geometrical constraints motivated the design of a spe-
A schematic of the main components of the magneticcialized electromagnet. First, the gap in the pole pieces had
microscopy setup is shown in Fig. 1. The incident, mono-to be large enough so that the 19-mm-diam cold finger of the
chromatic, unfocused circularly polarized beam is definedctryostat could be moved about in a region of uniform field.
using 250x 250 um? slits. The beam passes through a moni-Second, the center of the pole pieces had to be approximately
tor detector and is subsequently focused by using a set & mm from the end of the horizontally focusing KB mirror.
trapezoidal Kirkpatrick—Bae#KB) mirrors. Both the verti- The resulting magnet has a gap of 21 mm between the pole
cally and horizontally focusing mirrors are anglé@-9  pieces, allowing the sample position to be moved about
mrad, depending on the energy of the x-ray photdasat- +1 mm while remaining in a uniform magnetic field. The
isfy total external reflection of the beam and bent meridion-magnet conductor is water cooled, and 60 A of current can be
ally to a correct curvature and ellipticity using submicronused yielding magnetic flux densities of up to 0.8 T. The
resolution actuators in order to focus the beam. The mirrorsnagnet was inclined so that it made a field at 45° to the
are based on a design developed by GeoSoilEnviroCAR8orizontal direction. This moved the magnet windings away
(Sector 13 at the AP$'*2and are made of single-crystal Si from the optics and increased the optical access.
coated with Pd. The flux of the focused beam is approxi- A \Vortex™ energy-dispersive silicon-drift diode detector
mately 16! photons/s. This system provides a minimum fo-with a 50 mn? active area manufactured by Radiant
cal spot size of~2 X 3 um?. Preserving this small beam size Technologie%3 was used to resolve the fluorescence lines
over many hours, however, requires refocusing the optics twith a resolution of 150 eV. The compact size of these de-
compensate for small relaxations of the mirrors and bendingectors(~70x 70X 170 mn¥) permitted the use of multiple
mechanism. In the case of relaxed focusing requirements, @etectors(up to three in these experiment® monitor the
beam size of=4x4 um? could be maintained over the fluorescence signal from the sample. The use of multiple
course of several days needed to perform the types of meaetectors is especially important for the x-ray magnetic cir-
surements described in Sec. Ill. cular dichroism(XMCD) measurements, discussed in Sec.
The demagnification of each of the KB mirrors is equallll, since they frequently involve the detection of very small
to the distance from the x-ray source to the mirrors divideddifference signals in this energy regirteg., the MrK-edge
by the distance between the mirror and the focal point. FOXMCD is only 0.199. Accumulation of tens of millions of
the vertical and horizontal KB mirror setup employed here,counts is required to achieve sufficient statistical precision in
the optimal focal distance is 30 mm from the end of thethe difference signal. While these detectors are capable of
second mirror. To take full advantage of the focusing capacount rates in excess of 500 kHz, they have to be limited to
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two positions on the sample labeled in Fig. 2. The measurements were
performed with the incident x rays tuned near the Kledge. The gray and
light gray curves were measured under an applied magnetic field of 2500

FIG. 2. (Color) A 100X 100 wm? image of the bilayer LaSrM®, obtained ((5);0 gr;d the black curve was measured under an applied magnetic field of

by scanning the sample through the microfocused beam while recording the
Lal,g, fluorescence at each 2&.5 wm? pixel. Red(blue) corresponds

to high (low) fluorescence counts and thus to higitw) La concentration. . f high . |
The bar at the bottom illustrates colors associated with intermediate concer$—p0nd to regions of high La concentration, and blue corre-

trations. The error bars are equal to the square root of the number of countsponds to low La concentration. The scans performed to ob-
The pixels labeled 1 and 2 are positions on the sample that vary in Laain the image in Fig. 2 required a total of 12 h of data
concentratic_)n by approximately 1%. XMCD vs temperature curves at eactélcquisition. Large variations in the La concentrations oc-
of these points are presented in Fig. 3. . R

curred near the top of the image as indicated by the green

and blue regions. The total variation across the scanned re-
no greater than 70 kHz for XMCD measurements where thgjion is on the order of 20% here, which is greater than the
detector dead time is insignificant. The dead-time Correctionﬁariation expected to cause the perco]ation nature of the
to the output count rate are not accurate to the 0.1% levgdhase transition; therefore, we concentrated our measure-
required to resolve the XMCD Signals. At hlgher count rateSments on the regions labeled 1 and 2 on the Samp|e_ Here,
these corrections are necessary since the optics used to e variation is only 1.2%, which is more consistent with the
verse the incident beam helicity also produce a smd@P6b  models of previous experimental resuftswith the count
change in the incident beam intensity. We should note thatates achieved here, the technique is sensitive to chemical
this change in intensity upon helicity reversal does not affectgoncentration variation of 0.1%.
the ion chamber since it was Operated in the linear regime. We performed localized measurements of the magnetiza-
Furthermore, because the phase-retarding optics use tign versus temperature at the two regions labeled in Fig. 2
transmitted part of the beam, the beam position is constarﬂy measuring the magnitude of the XMCD signal versus
regardless of x-ray helicity. Therefore, neither the ion chamtemperature in the fluorescence channel. XMCD measures
ber nor the phase-retarding optics limited the resolution othe difference in absorption of a sample with the helicity of
the experiment. an incoming circularly polarized beam parallel and antipar-
allel to the local magnetization direction of the absorbing
atom. This difference is proportional to the component of the
net magnetization along the photon wave vector and as such

We present results from two experiments to demonstratprovides an element-specific analog to superconducting

the effectiveness and capability of the low-temperature scarguantum interference devid&QUID) measurements. In the
ning element-specific magnetic microscopy instrument. Théluorescence channel, the difference in fluorescence intensity
first example illustrates the ability to measure local magnemeasured with opposite helicities of the incident x rays,
tization as a function of temperature in a single-crystal doped-1~, normalized by the sunm(*=17)/(1*+17), is defined as
manganese oxide bilayer Lgr, g¢Mn,O; sample. The the asymmetry rati6AR), such that AR<|M|cos6d, whereM
preparation of this sample is described in Ref. 14. Figure 2s the net magnetization, arttis the angle between the mag-
shows a 10 100 um? image(2.5 um steps of the La con-  netization and the photon wave vector.
centration taken using the low-temperature magnetic micros- In La; ,Sr; gMn,0,, Mn carries the magnetic moment;
copy setup. The chemical contrast was measured by tuninhe measurements were performedEat6.552 keV, which
the energy of the incident beam above thelhaedge(E  corresponds to the maximum in the XMCD signal near the
=5.489 keV} and monitoring the La fluorescence. To en- Mn K edge. The results are presented in Fig. 3, in which the
hance the sensitivity to differences in La concentration, wegray circles and light-gray squares correspond to the XMCD
subtracted a background image taken belo(E  magnitude versus temperature measured at positions 1 and 2
=5.460 keV the Lal; edge. Red regions in Fig. 2 corre- in Fig. 2, respectively. Due to the small size of the XMCD

La fluorescence (counts)

IIl. APPLICATIONS OF THE TECHNIQUE
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signal (~0.1%), measurements were taken for opposite ori-
entations of the applied magnetic field, and the average plot- a)
ted. Switching the field direction is equivalent to reversing
the helicity of the incoming beam and allows us to eliminate
any experimental artifacts arising from detector dead-time
issues mentioned in Sec. Il or long-term drifts in the incident
beam intensity. Including field and helicity reversals, each
data point in Fig. 3 took approximately 30 min to acquire.
Magnetization curves were obtained with two different val-
ues of the applied magnetic field, 0.6 and 2.5 kOe. Measure-
ments taken at the higher applied magnetic fi@dd kOg
reveal a pronounced difference in the magnetic transition
temperature at the two positions. Furthermore the region of
higher La concentratioffiposition 1 exhibits a steeper de-
crease of the magnetization, whereas the magnetization with
the lower La concentration region exhibits a more gradual b)
decrease. The measurements at low fi@d kOg, shown
by the black symbols in Fig. 3, gave similar results for both
regions. The higher transition temperature for the greater ap-
plied magnetic field strength is consistent with previous re-
sults obtained on these materifisThe results are also con-
sistent with other studies that indicate different
paramagnetic-to-ferromagnetic transition temperature with
La concentratiort/ By repeating scans over the same regions
of the sample, we did not notice any changes of sample
position under the reversal of the applied magnetic field.

In the next set of results presented, we applied the low-
temperature element-specific magnetic microscopy instru-
ment to the multiferroic composite mixture system:
(X)LSMO(1-x)LMO, where x indicates the molar ratio of c)
the two compounds. Figure 4 presents microfocused images
of composite mixtures of the foriix) LSMO(1 -x)LMO with
x=0.21 andk=0.23 obtained by scanning the sample through
the 4x 4 um? microfocused beam while recording the fluo-
rescence counts with 22 um? steps(oversampling by a
factor of 2. In Figs. 4a) and 4c), the LaL,, g, fluorescence
lines were recorded, and in Fig(b}, the LuL,, fluorescence
line was recorded. Re@lue) corresponds to higtiow) fluo-
rescence counts and thus to higbw) La concentration in
(@), (c) or high (low) Lu concentration ir(b). The images in
(a)<(c) are 200< 200 um? and were obtained at room tem-
perature. Each of the images required 5 h of data acquisition.
Images of the chemical contrast obtained at 25 K look quali- . 4 (Colonl Micrommading. of thexe0.21 (6ib) and xe0.23
.tatlvely ?Imllar to those taken at room temperat'ure..Th_e X_ra)z/:x)L.SMlo(:(10 —0;;LMgr2:)T1?c;2i%eosartn;;s obtair(lz)ci_( b))/ se::nam:(ing.the(scgmple
images illustrate how the LSMO and LMO are immiscible asthrough the microfocused beam while recording the fluorescence counts at
shown by the islands of LMO in the LSMO in Figsl@dand  each 2<2 um? pixel. In (a), (), the LaL, g, fluorescence lines were re-
4(b). The immiscibility of the LMO and LSMO appears to corded, and inbb), the LuL, fluorescence line was recorded. R¢iue)

occur on different Iength scales. The regions of LSMO as’corresponds to higltlow) fluorescence counts and thus to higbw) La
’ concentration ir(@), (c) or high (low) Lu concentration ir(b). The coloring

shown in red ir! Fig. @) are ~10 pem, and the regions of  copvention is the same as in Fig. 2. The images are alkZZm um? and
LMO as shown in blue are-25-50um in length. The green  were obtained at room temperature. The error bars are equal to the square

regions in this image show that the immiscibility of theseroot of the number of counts.

two phases can also be smaller than our resolution in some

regions. In Fig. 4c), the LSMO forms islands of-10 um in To correlate the magnetic structure with the observed
length within the LMO. With a very small change in the LSMO grains shown in Fig. 4), the strength of the XMCD
concentration of LSMO, fromx=0.21 to 0.23, the sample signal under an applied field of 5 kOe at 25 K was measured
morphology changed significantly. The change in morpholin the fluorescence channel. The magnitude of the field was
ogy may have some dependencexobut is most likely as-  sufficient to saturate the magnetization in the LSMOon-
sociated with different sample preparation techniciiesle sequently, the asymmetry ratio was recorded at 6.539 keV,
focused the magnetic measurements onxth6.23 sample.  which coincided with the largest XMCD signal, while scan-
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! ! ! ' would want to look at domain structure at the nanoscale
a) Magnetic signal | ~ level. The experimental setup described in this article is one
0.006 | — Lafluorescence 18 2 step toward that resolution.
L(\:; - 1° % IV. DISCUSSION
2 In = In this article, we have described a technique for low-
%, 0.002 L g temperature element-specific magnetic microscopy under a
< S moderate applied magnetic field. The temperature and ap-
42 T . . X . . .
o plied magnetic field ranges accessible with this setup al-
0.000 | lowed us to study two systems of doped manganese oxides.
0 We were able to resolve chemical inhomogeneitites in a
Sample X (microne) manganite sample to within fractions of 1%. The experi-
. . . —25 ments on the bilayer LigSr; gMn,0O, system at low tempera-
0) 0001 _&agmrg:clgzi ture_s have demonstrateq how the |nhomqgene|t|¢§ are related
: | ) _to dlfferent_paramagnetlc—to-ferrqmagnetlc transition beha\{—
3 iors. Experiments on a composite system of ferromagnetic
2 o010l Ng metallic material and antiferromagnetic insulating material
¢ 1> = have shown how this setup can be used to image magnetic
% § domains and correlate them with chemical domains in bulk
E 0.0005 k 110 § samples. Currently, the system is limited in resolution by the
2‘ g focusing of the x-ray beam by the bending KB mirrors; the
Jos ' stability of such mirrors limits the focusing to them scale.
0.0000 |- | In the future, one may improve on the system by using KB
. . . . oo mirrors that have a fixed bend for focusing or other focusing
0 10 20 30 40 optics like Fresnel zone plates that have been used previ-
Sample X (microns) ously in magnetic microscopy experimefts® Full-field mi-

FIG. 5. La fluorescence and the asymmetry ratio measured near the Mn croscopy at low temperature under moderate applled fields
edge vs horizontal sample position jim for the x=0.23 LSMO:LMO ~ May also become viable to address some of the same prob-

composite sample &t=25 K. The plot in(a) is over a 120um length that  lems. One of the main limitations of the technique is the
has approximately five grains of LSMO, corresponding to peaks in the Lagpjlity to count all of the fluorescence photons. The detectors

fluore§cence..The plot itb) is over a single grain of LSMO. The error bars need to be improved significantly if one is to measure mag-
associated with the La fluorescence are equal to the square root of the

number of counts and are smaller than the lines representing the La fluoreB€tiC domains at the transition-metaledges over large re-
cence signal. gions of sample as a function of field and temperature.
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