
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Laser-initiated magnetization reversal and correlated
morphological effects visualized with in situ Fresnel

transmission electron microscopy
Karl B. Schliep, Jun-Yang Chen, Mo Li, Jian-Ping Wang, and David J. Flannigan

Phys. Rev. B 94, 104407 — Published  6 September 2016
DOI: 10.1103/PhysRevB.94.104407

http://dx.doi.org/10.1103/PhysRevB.94.104407


Page 1 of 24 
 

Laser-Initiated Magnetization Reversal and Correlated Morphological Effects 1 

Visualized with In Situ Fresnel Transmission Electron Microscopy 2 

 3 

Karl B. Schliep1, Jun-Yang Chen2, Mo Li2, Jian-Ping Wang2, and David J. Flannigan1,* 4 

1Department of Chemical Engineering and Materials Science, University of Minnesota, 421 5 

Washington Avenue SE, Minneapolis, Minnesota 55455, USA 6 

2Department of Electrical and Computer Engineering, University of Minnesota, 200 Union 7 

Street SE, Minneapolis, Minnesota 55455, USA 8 

 9 
*Author to whom correspondence should be addressed. 10 
E-mail:  flan0076@umn.edu 11 
Phone:  +1 (612) 625-3867 12 
Fax:  +1 (612) 626-7246 13 
 14 

Abstract:  Laser-initiated switching of magnetization direction in ferrimagnetic rare-earth 15 

transition metal (RE-TM) alloys – whether laser-induced or photothermal via compensation 16 

point – is being vigorously pursued owing to the promise of extending operating frequencies of 17 

magnetic devices into the terahertz regime.  Despite intense interest, however, the effects of 18 

repeated laser exposure on the film structure and subsequent switching behavior has yet to be 19 

investigated.  In order to better understand the correlated effects of femtosecond (fs) laser 20 

irradiation on both the magnetic response and photoinduced morphological variations of RE-TM 21 

alloys, we performed in situ Fresnel transmission electron microscopy (TEM) on Tb23Co77 thin 22 

films with Ta protecting layers.  Via optical access to the specimen in a modified TEM, we 23 

irradiated the thin films in situ with both individual and series of fs optical pulses, and correlated 24 

laser-induced changes in magnetic domain-wall formation and growth with photothermal crystal 25 

formation and accompanying pinned magnetic sites.  We find that, for a range of applied laser 26 
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fluences and numbers of individual pulses, several distinct regions are formed displaying varied 27 

magnetic behavior (switchable, non-switchable, demagnetized) and morphological features 28 

(small-to-large crystal-grain variations).  Through a series of systematic studies, we quantified 29 

these linked magnetic and morphological properties as a function of laser fluence, number of 30 

pulse-train cycles, and number of individual fs laser pulses and the duration between each.  Our 31 

results show how the sensitive connection between magnetic behavior and morphological 32 

structure can emerge in magneto-optic experiments across several parameters, thus illustrating 33 

the need for rigorous characterization so that potential operating regimes may be universally 34 

identified. 35 

  36 
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INTRODUCTION 37 

Amorphous ferrimagnetic rare-earth transition-metal (RE-TM) alloys (e.g., TbCo, 38 

TbFeCo, GdFeCo, etc.) have garnered a great deal of attention as promising material candidates 39 

for optically-recordable magnetic-memory storage [1-3].  In thin films of these alloys, as well as 40 

several other material types and architectures, magnetization reversal can be induced on the 41 

ultrafast timescale by irradiation with femtosecond (fs) laser pulses [4,5].  For magnetic 42 

heterostructures [6], nanopillar-type architectures [7], and ultimately devices [8], this is 43 

especially attractive because operating parameters would be limited only by the intrinsic 44 

switching time of the specimen without reliance on an external magnetic field.  In addition to 45 

this, photothermal-assisted switching is arising as a promising means, complementary to the all-46 

optical method, to induce fs switching and to increase areal densities [9-12].  As such, 47 

implementation of materials and architectures displaying such phenomena, in combination with 48 

the now robust generation of fs optical pulses with compact solid-state lasers, could potentially 49 

extend operational frequencies into the terahertz (1012 to 1014 s-1) regime [1,13]. 50 

Since the first demonstration of ultrafast single-laser-pulse demagnetization in Ni [14] 51 

and later the fully-deterministic magnetization switching in GdFeCo [4], ultrafast magnetization 52 

dynamics have been vigorously studied, and a battery of techniques [e.g., time-resolved 53 

magneto-optic Kerr-effect (MOKE) microscopy, photoelectron-emission electron microscopy, 54 

and ultrafast X-ray diffraction] have been used to probe the origins and behavior of the 55 

phenomenon [4,6,15-17].  However, despite intense activity, little attention has been paid to the 56 

physical effects of laser irradiation on film structure and morphology and the implications for 57 

impact on device operation.  While theoretical operating limits of such devices would be dictated 58 

by optical switching times and laser repetition rates, processes occurring over much longer 59 
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timescales, such as the accumulation of photothermal energy and resulting effects on film 60 

morphology and composition, may actually be the ultimate limiting factors in practice.  For 61 

multi-sublattice films, such thermal effects may initially be heterogeneously distributed owing to 62 

nanoscale variation in optical properties, thus potentially leading to morphological and 63 

compositional changes that are deleterious to robust operation, depending upon diffusion rates 64 

and ablation thresholds.  The issue is further complicated by noting the large experimental 65 

parameter space containing many variables associated with both the fs laser system (e.g., 66 

fluence, spot size, pulse duration, repetition rate, etc.) and the thin-film specimen (e.g., 67 

composition, thickness, capping-layer properties, etc.) [15,18,19]. 68 

In order to better understand the above-discussed issues, we have studied the effects of 69 

fs-laser irradiation on correlated magnetic and morphological structures of amorphous TbCo thin 70 

films by way of direct visualization with combined Fresnel imaging and in situ transmission 71 

electron microscopy (TEM).  While GdFeCo has received a good deal of attention with respect 72 

to the study of laser-initiated magnetic switching, its relatively weak perpendicular magnetic 73 

anisotropy and low coercivity are undesirable for many potential device applications.  74 

Accordingly, alloys containing Tb are increasingly receiving attention owing to the large orbital 75 

angular momentum contribution to the magnetization [20].  Here, the effects of irradiating thin 76 

amorphous films of TbCo with individual and series of fs laser pulses was monitored in situ, and 77 

correlated changes in magnetic-domain size, magnetic reversibility, and degree of crystalline 78 

order were determined.  From bright-field Fresnel images, domain-wall formation and 79 

expansion, as well as thermally-induced crystal growth and accompanying pinned magnetic sites, 80 

were observed and quantified as a function of incident laser fluence.  Following laser irradiation, 81 

both switchable and fixed magnetic domains were formed, in addition to small-to-large grain 82 
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morphological variation; the magnetically-fixed regions remained largely unchanged after 83 

application of switching fields up to 1.2 T, as generated by the objective lens of the TEM.  84 

Further, the onset and growth of fixed domains were imaged as a function of the number of 85 

pulse-train cycles and compared to the size of the switchable area.  Variations in laser-initiated 86 

magnetic regions were also spatially mapped as a function of the number of laser pulses and the 87 

duration between each. 88 

 89 

METHODS 90 

Preparation and characterization of TbCo specimens.  Thin films of TbCo were 91 

deposited directly onto amorphous silicon nitride (Si3N4) membranes (TEMwindows.com) by 92 

sputtering elemental Tb and Co (Testbourne Ltd.) using a six-target Shamrock UHV system 93 

operated at a base pressure of at most 10-10 bar.  The films were capped with thin layers of Ta in 94 

order to stave off oxidation.  As deposited, the specimens consisted of Si3N4(15 nm)/Ta(4 95 

nm)/Tb23Co77(20 nm)/Ta(4 nm).  The composition of the TbCo layer was determined with 96 

Rutherford backscattering spectrometry, and film thicknesses were measured using X-ray 97 

reflectivity (except for that of Si3N4, which is quoted from the manufacturer).  A vibrating-98 

sample magnetometer was used to verify the out-of-plane perpendicular orientation of the 99 

magnetization vector and determine the compensation temperature of the TbCo film [21]. 100 

In situ laser irradiation and Fresnel imaging.  Representative bright-field and Fresnel 101 

images of as-prepared films and a photo-initiated domain-wall structure arising from in situ laser 102 

irradiation are shown in Fig. 1.  Note that the observed magnetization reversal reported here 103 

could arise from either all-optical or photothermally-assisted mechanisms.  Fresnel imaging (i.e., 104 

imaging of magnetic domain walls) can be done with a conventional TEM via de-excitation of 105 
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the objective lens and use of the intermediate lenses to over/underfocus the image.  In the 106 

absence of the relatively strong objective-lens field, incoming swift electrons experience a 107 

Lorentz force arising from the intrinsic magnetism of the thin-film specimen.  Depending upon 108 

the magnetization orientation in the film, electrons are deflected at the domain walls such that 109 

their trajectories either converge or diverge along paths leading to the detector.  This produces 110 

light and dark features in the defocused bright-field images, respectively, that are representative 111 

of the domain-wall shape and location, as well as the in-plane magnetization direction [22].  The 112 

observed domain-wall width is a function of the defocus value and the TEM specimen-dependent 113 

thickness and anisotropy energy.  For the defocus values used here, the fringes have a width of 114 

0.73 μm full-width at half-maximum (FWHM). 115 

 116 

 117 

FIG. 1.  Representative bright-field and Fresnel images arising from in situ laser irradiation.  (a) 118 

An in-focus bright-field image with an inset parallel-beam electron diffraction pattern obtained 119 

from the film illustrating the small-grained morphology.  (b) A defocused Fresnel image of a 120 

roughly circular domain wall (a portion of which is labeled) formed with in situ laser irradiation. 121 

 122 

Fresnel imaging of in situ laser irradiation was performed with a modified TEM (Tecnai 123 

Femto, FEI Company) interfaced with a fs laser system (PHAROS, Light Conversion).  Laser 124 

irradiation of the specimen [wavelength = 515 nm, polarization = linear, pulse duration = 270 fs 125 
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FWHM, spot size on specimen = 100 μm FWHM; variable repetition rate, irradiation time, and 126 

fluence; detailed throughout the text] was achieved via an optical window and steering-mirror 127 

assembly externally situated adjacent to the TEM goniometer.  In general, fs pulses are trained 128 

onto the specimen region of interest by iterative beam alignment and focusing of the optical 129 

elements.  In this work, Fresnel imaging was conducted with either 0 or 6% objective-lens 130 

excitation (i.e., either completely powered down or at typical low-magnification settings, 131 

respectively).  In order to test the reversibility of the laser-irradiated specimen regions, and to re-132 

establish the magnetization direction when desired, the objective-lens excitation was increased to 133 

88%.  At these lens-excitation values (0, 6, and 88%), the magnetic field was measured at the 134 

specimen location to be 10 mT, 90 mT, and 1.2 T, respectively.  It is important to note that few 135 

reports document the use of this kind of instrumentation for the in situ study of laser-initiated 136 

magnetization changes [23,24], though other advances are aimed at increasing such capabilities 137 

[25-27].  Further, application of these particular methods to specifically image magneto-optic 138 

phenomena and correlated morphological effects has not yet been reported, though other means 139 

have indeed been employed [28]. 140 

 141 

RESULTS AND DISCUSSION 142 

Fig. 2 shows the result of irradiating a thin-film specimen in situ with a train of fs laser 143 

pulses.  Prior to laser irradiation and Fresnel imaging, the specimen magnetization orientation 144 

was set by exciting the objective lens to 88%, thus creating a 1.2-T aligning field.  At focus and 145 

with 6% objective-lens excitation (i.e., low magnification), bright-field images of the pre-146 

irradiated amorphous films show weak contrast with no discernible features aside from the 147 

interface of the electron-transparent region and the thick (electron-opaque) underlying silicon 148 
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substrate [Fig. 1(a)].  After irradiation with a train of linearly-polarized fs pulses (20-kHz 149 

repetition rate, fluence = 3.8 mJ/cm2) for several seconds, however, strong contrast arising from 150 

magnetization pinned at photothermally-induced crystal-nucleation sites was observed at large 151 

defocus values [Fig. 2].  Three distinct regions can be identified in the resulting Fresnel images:  152 

(1) a densely-nucleated nanocrystalline region spanning approximately 20 μm across the center 153 

of the laser-focal spot, (2) a sparsely-nucleated region extending radially outward approximately 154 

10 μm from the point of cessation of the center region and having a roughly spoke-like pattern, 155 

and (3) the remaining undamaged region consisting of weak contrast and, when acquired out of 156 

focus, a magnetically-switchable region outlined by a domain wall.  The general shape and size 157 

of the pattern is commensurate with the incident Gaussian pulse train. 158 

 159 

 160 

FIG. 2.  Fresnel imaging of in situ laser-initiated morphological changes and magnetization 161 

reversal acquired at 6% objective-lens excitation (90 mT).  The false-coloring shows the area of 162 

each response.  Each panel is a difference image formed by subtracting pre- and post-laser-163 

irradiation Fresnel images.  The difference images were acquired at:  (a) +35-mm defocus at 0° 164 

α-tilt (i.e., at normal incoming-electron incidence); green = densely-nucleated nanocrystalline 165 

region, red = sparsely-nucleated region, (b) +35-mm defocus at 20° α-tilt; green = densely-166 
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nucleated nanocrystalline region, red = sparsely-nucleated region, black = magnetically-switched 167 

region, and (c) +35-mm defocus at 20° α-tilt and after application of a 1.2-T magnetic field 168 

oriented perpendicular to the specimen plane.  Note the absence of the magnetically-switched 169 

region after application of the field. 170 

 171 

Because the Fresnel image in Fig. 2(a) was generated at normal incidence, the observed 172 

contrast arises from photothermally-crystallized regions having magnetization directions B  173 

oriented such that FL,n = q BC,n × v  = q BC,n v sin θn  ≠ 0, where FL,n is the Lorentz force at 174 

each of the n photothermally-nucleated single crystals, q is the electron charge, BC,n is the 175 

magnetic-field vector of each of the n single crystals, v is the fixed electron-velocity vector, and 176 

θn is the angle formed between BC,n and v.  Further, the varying contrast strength in this region 177 

suggests a random crystallite orientation.  Consequently, the intrinsic perpendicular component 178 

of the pristine (i.e., morphologically unchanged) film BP  is not seen with this configuration, 179 

because the magnetization direction of these regions is oriented such that BP × v = 0.  By 180 

changing the orientation of the film relative to v to non-normal incidence, however, FL arising 181 

from BP becomes non-zero.  In this way, the domain-wall structure in the pristine region – 182 

occurring at two oppositely-oriented but perpendicularly-magnetized areas – can be imaged.  In 183 

the Fresnel image, this appears as an annulus of contrast 10 to 20 μm wide (black) encircling the 184 

sparsely-nucleated region (red) [Fig. 2(b)].  After applying a 1.2-T aligning field and then 185 

returning to Fresnel-imaging mode, the annulus of contrast is no longer observed, indicating the 186 

magnetization in that region is switchable [Fig. 2(c)].  Note that, while somewhat weakened, the 187 

contrast strength of the densely- and sparsely-nucleated regions [green and red in Fig. 2(b), 188 
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respectively] persists after application of the field.  This indicates the magnetization is pinned at 189 

these sites due to morphological changes in the film. 190 

In magneto-optic experiments, there are several laser parameters that can be varied (e.g., 191 

repetition rate, pulse energy, and irradiation time), and it is probable that the effects of each 192 

individually and taken together will lead to varied reported observations and potentially 193 

inconsistent device performance.  Fluence is one such parameter that may produce observable 194 

threshold-type behavior for switching and also strongly influence the onset of morphological 195 

variation.  Importantly, previous work on GdFeCo indicates the fluence window is small for 196 

helicity-dependent single-pulse switching, suggesting device tolerances based on this concept 197 

may be severely limited and mechanisms may be easily convoluted and obscured [18].  Note, 198 

however, that this may not be the case in helicity-independent switching (i.e., with linearly-199 

polarized light, as used here).  Further, as shown in Fig. 2, deleterious photothermally-induced 200 

morphological changes that occur above some specimen-dependent value influence the observed 201 

switching behavior.  Consequently, in order to determine the effects of laser fluence on thin 202 

TbCo films, individual series of 20,000 laser pulses (270 fs) of fixed fluence were delivered in 203 

one second (here, referred to as a cycle) in situ to a single specimen region at 0% objective-lens 204 

excitation (10 mT).  It is important to note that the duration of laser irradiation for multiple-pulse 205 

magnetization reversal can affect the threshold-fluence value, as demonstrated when comparing 206 

the results shown in Fig. 2 (several seconds) and Fig. 3 (one second).  A Fresnel image was 207 

acquired following each fixed-fluence series, after which the objective-lens excitation was 208 

increased such that a 1.2-T field was generated, thus realigning the magnetization vector of still-209 

switchable specimen regions.  Following this, the fluence was increased, the next series was 210 

delivered, a Fresnel image was acquired, and a 1.2-T field was again applied. 211 
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Results of the multiple-pulse fluence-dependent experiment are summarized in Fig. 3.  As 212 

anticipated, a variety of effects – both reversible and irreversible – were observed to occur in the 213 

TbCo films.  Specifically, four crystallographically- and/or magnetically-distinct regions 214 

developed at discrete fluence values upon increasing from 0 to 26 mJ/cm2.  In the Fresnel 215 

images, each region produces a distinct contrast pattern with relatively abrupt transitions 216 

separating one from the next, indicating the magnetic behavior of each is also distinct.  217 

Stemming from the resulting image contrast following application of an aligning field, the 218 

regions are defined as reversible (I) (i.e., the magnetization can be reversed with an applied 219 

external field), irreversible (II), completely demagnetized (III), and morphologically damaged 220 

(IV).  That is, (I) is morphologically unchanged and magnetically switchable, (II) is nucleated 221 

and magnetic but no longer switchable, (III) is completely demagnetized and also nucleated but 222 

with a different morphology than (II) (discussed below), and (IV) is significantly laser damaged.  223 

These distinct behaviors first occurred at approximately 5.7, 9.6, 14, and 22.3 mJ/cm2.  Note that 224 

regions (I) and (II) are morphologically and magnetically similar to the laser-irradiated specimen 225 

shown in Fig. 2. 226 

 227 
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 228 

FIG. 3.  Laser-fluence dependence of morphological changes and magnetization reversal.  (a) 229 

Fresnel images acquired at 0% objective-lens excitation (10 mT) after irradiation with the 230 

fluences (mJ/cm2) shown in the upper left of each panel.  The false-coloring shows the area of 231 

each response, as designated in (b).  (b) Image area as a function of incident laser fluence for 232 

four distinct specimen responses:  (I) reversible (black squares), (II) irreversible (red dots), (III) 233 

demagnetized (green triangles), and (IV) damaged (blue diamonds).  The panel summarizes the 234 

contributions of each response to the overall specimen area across which contrast changes were 235 

observed.  The analysis method for delineating each of the regions is described in the 236 

Supplemental Material [21]. 237 
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 238 

In addition to exhibiting threshold behavior, each of the four distinct regions shown in 239 

Fig. 3 persisted for a finite range of fluences prior to the onset of each subsequent response.  240 

Onset of the magnetically-reversible region (I) occurred at 5.7 mJ/cm2 and persisted to 241 

approximately 8.3 mJ/cm2 prior to the onset of region (II); the film exhibited a completely 242 

reversible magnetic response within this relatively small fluence window.  Further, no 243 

discernible changes were observed in the film after application of each cycle, aside from an 244 

increase in the area of the reversible region from approximately 1,700 μm2 to 2,400 μm2 [Fig. 245 

3(b)].  At 9.6 mJ/cm2, irreversible (II) structural changes, consisting of sparsely-nucleated 246 

crystallites which act as magnetic pinning sites, were first observed at the approximate center of 247 

the irradiation pulse train.  The area of this region increased with increasing fluence up to 12.1 248 

mJ/cm2, at which point a new morphological and magnetic response was observed.  This new 249 

region (III, demagnetized) consisted of densely-nucleated crystallites, again centered at the 250 

approximate center of the train of pulses having a Gaussian intensity profile.  At fluences above 251 

approximately 19.1 mJ/cm2, an additional region (IV, damaged) formed and was devoid of 252 

magnetic contrast.  Finally, the film ruptured just above 26 mJ/cm2.  As seen in Fig. 3, the 253 

boundaries of each of the regions advanced outward from the pulse-train center with increasing 254 

fluence, while the measured areas decreased owing to growing contributions by subsequent 255 

regions to the signal.  Such behavior can likely be attributed mainly to photothermal effects and 256 

heat transport properties of the film, though a magnetically reversed region does persist 257 

throughout. 258 

In order to determine the structural variation across the four distinct regions shown in 259 

Fig. 3 (I through IV) and correlate this to the laser-initiated magnetization behavior, spatially-260 
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specific parallel-beam selected-area electron diffraction was performed, the results of which are 261 

summarized in Fig. 4.  As can be seen, the degree of crystallinity decreases while moving 262 

outward from the center of the laser-irradiated region [i.e., from region (IV) to (I)], 263 

approximately following the Gaussian photothermal profile generated by the pulse train.  This is 264 

deduced by noting the decrease in both number and sharpness of the Debye-Scherrer rings while 265 

moving away from the central region [Fig. 4(b)].  Radially-averaged intensity profiles further 266 

reflect the spatial variation in crystalline order [Fig. 4(c)].  The general reduction in peak FWHM 267 

indicates the average crystallite size increases while moving from region (I) to (IV), as per the 268 

Scherrer equation, while the emergence of new peaks suggests several or all of the specimen 269 

components (i.e., substrate, capping layers, and TbCo film) have undergone crystal nucleation 270 

and growth [further supported by the disappearance of the prominent diffuse ring observed in 271 

(I)].  While specific peak assignments cannot be made with confidence owing to overlap and the 272 

presence of multiple species [three elements (Tb, Co, and Ta) and a compound (Si3N4)], not all 273 

peaks in the profile from region (IV) can be assigned to any single component.  Note that the 274 

radial profile from region (I) matches that of the pre-irradiated specimen (see Fig. 2) and 275 

indicates no morphological change has occurred in this area.  Determination of the crystal 276 

structures and the hypothesized spatially-dependent composition of the complex photothermally-277 

induced morphology will be the subject of future studies.  See the Supplemental Material for 278 

high-resolution TEM analysis of the transition area between the sparsely nucleated region (II) 279 

and the more heavily nucleated region (III) shown in Fig 4 [21].  It is worth noting that the 280 

photothermally-induced crystallization shown in Fig. 4 is qualitatively similar to that reported for 281 

dynamic TEM and ultrafast electron microscopy studies of amorphous Ge and TiO2 [29-32]. 282 

 283 
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 284 

FIG. 4.  (a) Fresnel image of the film acquired with 0% objective-lens excitation after irradiation 285 

with a train of fs laser pulses.  Locations of the distinct regions are denoted by I, II, III, and IV 286 

and correspond to the reversible, irreversible, demagnetized, and damaged regions, respectively 287 

(see Fig. 3).  The red circles indicate the position of the selected-area aperture used to obtain the 288 

four diffraction patterns shown in panel (b).  (b) Selected-area diffraction patterns of the film 289 

obtained from the locations indicated with the red circles in panel (a).  The region labels (e.g., 290 

IV) are shown in the upper-right corner of each panel.  (c) Radially-averaged intensity as a 291 

function of radius of the selected-area diffraction patterns shown in panel (b).  The approximate 292 

center of the patterns corresponds to 0 nm-1.  The background has been subtracted and the spectra 293 

offset for clarity. 294 

 295 

As shown above, onset of the reversible (I) magnetic response for a train of 20,000 laser 296 

pulses of 270-fs duration separated by 50 µs each (i.e., one cycle) occurred at 5.7 mJ/cm2 and 297 

persisted up to 8.3 mJ/cm2.  Above this fluence, the irreversible (II) response was first observed.  298 
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While one could argue that the reversible (I) and irreversible (II) responses observed here using 299 

Fresnel TEM correlate well with the helicity-independent switching and the multi-domain state, 300 

respectively, observed using optical techniques [32], it is important to note that switching could 301 

also be induced photothermally, as discussed below.  Increased crystallinity in (II) compared to 302 

(I), as reflected in the selected-area diffraction patterns [Fig. 4(b)], suggests that the laser-303 

induced formation of small crystal grains measuring tens of nanometers during MOKE 304 

measurements could be misidentified as a multi-domain state owing to limits in spatial resolution 305 

and lack of in situ structural characterization capabilities in such all-optical methods.  That is, the 306 

formation of small crystallites that pin magnetic response could go unnoticed.  Further, studies 307 

that investigate the effects of laser irradiation often employ a multiple-pulse approach for 308 

initiating an apparent magnetic response [5,6,20,34].  Thus, generation of a clear picture of 309 

pulse-to-pulse effects on specimen morphology and magnetism would be informative. 310 

Because a train of laser pulses can lead to deleterious morphological variations in the 311 

films over a relatively small span of fluences, as shown here, the delicate interplay of fluence, 312 

number of pulses, and duration between each must be carefully determined within regions (I) and 313 

(II).  Consequently, the result of delivering an increasing number of laser cycles, where one cycle 314 

= 20,000 pulses and each pulse is of 5.7-mJ/cm2 fluence [i.e., the threshold fluence necessary to 315 

induce a reversible magnetic response at these laser parameters; see Fig. 3(b)], is shown in Fig. 316 

5(a).  Between each cycle, the magnetization direction was reset via objective-lens excitation to 317 

88% (1.2 T).  Note that even at the threshold fluence for the magnetization reversal at these laser 318 

settings, the formation of irreversible regions (i.e., no longer magnetically switchable) occurred 319 

after application of only 16 cycles.  Further, continued application increased the relative area of 320 

the irreversible region, reaching nearly 50% after 500 cycles.  That is, while the total response 321 
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area remained approximately unchanged, the ratio of irreversible to reversible area steadily 322 

increased from zero at up to 16 cycles to nearly 0.5 after 500 cycles.  Thus, even at the minimum 323 

fluence needed to induce a multi-pulse reversible magnetic response for these laser parameters, 324 

deleterious morphological variations occurred after application of less than 20 cycles.  To further 325 

expand on the laser-initiated effects on the TbCo film, single-pulse magnetization switching was 326 

investigated. 327 

 328 

 329 

FIG. 5.  Effect of number of laser-irradiation cycles, number of individual fs pulses, and duration 330 

between each pulse on morphology and robustness of magnetization reversal in TbCo.  (a) Area 331 

of the reversible (I, black) and irreversible (II, red) responses as a function of the number of 332 
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incident laser-pulse cycles (1 cycle = 20,000 pulses delivered over 1 second; fluence = 5.7 333 

mJ/cm2), as determined from Fresnel images obtained at 0% objective-lens excitation (10 mT).  334 

Note that the scale changes from increments of 20 to 200 cycles at the break in the x-axis.  (b) 335 

Area of the reversible magnetic-response region (I) induced by individual fs laser pulses at the 336 

minimum fluence for single-pulse switching (15.5 mJ/cm2) as a function of the number of pulses 337 

(log scale) and time between each (different colors and symbols; e.g., τ = 200 ms denoted by red 338 

circles) obtained from Fresnel images of the film acquired with 6% objective-lens excitation (90 339 

mT). 340 

  341 

The effects of individual fs laser pulses, delivered at the experimentally-determined 342 

minimum-fluence threshold for observable single-pulse switching, on the size and behavior of 343 

the reversible, laser-initiated magnetic response [i.e., region (I)] are shown in Fig. 5(b).  Here, 344 

changes in the area of the response were determined as a function of both the number of 345 

individual pulses applied (x-axis) and the duration between each (colors and symbols) at the 346 

minimum fluence (15.5 mJ/cm2) needed to produce magnetization reversal.  The duration 347 

between pulses (τ) was controlled by pulse picking with an electro-optic modulator.  In this way, 348 

the pulse energy – and thus the fluence (15.5 mJ/cm2) – were fixed providing a means to 349 

investigate the maximum single-pulse switching frequency capable for this film structure before 350 

the onset of laser-induced morphological changes.  After delivery of each series of pulses, the 351 

objective-lens excitation was increased to 88% (1.2 T), thus re-aligning the film magnetization 352 

direction prior to the next experiment.  Here, it is noted that the single-pulse switching was not 353 

able to be reversed with each pulse as demonstrated in other techniques.  It is hypothesized that 354 

this is due to the stray magnetic field applied parallel to the film normal originating from the 355 
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objective lens of the TEM.  Indeed, recent work on GdFe has shown that an opposing magnetic 356 

field can cause laser-induced switching to become unstable, with a return to its original state 357 

upon cessation of irradiation [35].  Though a specific mechanism for the observed switching is 358 

not assigned here, results of preliminary photothermal modeling of the multilayer, freestanding, 359 

thin-film specimen indicate the temperature rise could exceed the measured 455 ºC 360 

compensation temperature (see the Supplemental Material) resulting in a heat-assisted 361 

compensation-point reversal [10,21]. 362 

The single-pulse switching data in Fig. 5(b) are displayed in such a way as to 363 

simultaneously convey several notable observations.  First, the overall size of the reversible 364 

response area gradually increased with increasing number of applied pulses at a specific value of 365 

τ (e.g., 200 ms).  Second, reversible, laser-initiated magnetization switching was observed for 366 

application of up to 105 individual pulses and for τ ranging from 200 ms down to 400 μs (note 367 

that relatively small areas of irreversible damage were observed beginning at τ = 200 μs).  Third, 368 

overall larger reversible regions were observed at smaller values of τ, but only for durations 369 

below 4 ms.  That is, the total response area dramatically increased for τ < 4 ms (e.g., τ = 400 μs 370 

compared to 1 ms) for the same number of pulses delivered to the film.  At 4 ms and above, the 371 

response area is the same size for irradiation with (for example) 103 pulses. 372 

Taken as a whole, these observations can be rationalized by noting the expected interplay 373 

of accumulation of photothermal energy in the film, the development of a thermal gradient, and 374 

the effects on spin transport.  For a particular pulse-series set of a specific τ [e.g., from one to 103 375 

pulses per series, τ = 200 ms; red dots in Fig. 5(b)], the gradual increase in response area is 376 

attributed to the manner in which electron current and spin behave with respect to thermal 377 

gradients.  For example, magnons traveling down the thermal gradient produced by the laser-378 
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pulse train (i.e., radially away from the center of the irradiated region) generate a torque at the 379 

domain wall [36].  This interaction results in domain-wall motion outward along a trajectory 380 

parallel to the path of the radially-propagating magnon, thus increasing the size of the response 381 

area with each delivered pulse.  The spin Seebeck effect, in which a thermal gradient generates a 382 

voltage that drives electron spin, may also manifest as domain-wall motion in the in situ Fresnel 383 

images [37,38].  These mechanisms for relatively gradual expansion of the response area are 384 

convoluted with that due to rapid accumulation of thermal energy in the film, which manifests at 385 

values of τ below 4 ms.  At shorter pulse-to-pulse durations, increasing volume of the specimen 386 

will experience a temperature rise above the thermal switching threshold, thus increasing the 387 

observed response area beyond that expected from the more gradual mechanism due to magnon 388 

generation and propagation. 389 

 390 

CONCLUSIONS 391 

In conclusion, it has been shown here that, with in situ Fresnel imaging in a modified 392 

TEM, the correlated effects of both multiple-pulse and single-pulse laser-initiated magnetic-393 

switching behavior and photothermal morphological variations can be directly visualized, 394 

deconvoluted, and quantified as a function of a variety of fs-pulse parameters.  These results 395 

provide evidence that deleterious morphological variations can arise during these experiments, 396 

the structural effects of which can influence both the local and global magnetic behavior of thin 397 

films of RE-TM ferrimagnetic alloys.  Indeed, proper isolation and characterization of such 398 

photothermally-induced structural changes is critical to developing a comprehensive and 399 

accurate description of the processes contributing to magneto-optic and heat-assisted 400 

phenomena, and thus is vital to robust device performance.  Future studies with the above-401 
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described methods will focus on quantifying equilibrium and non-equilibrium photothermal 402 

profiles, characterizing the nucleated film to quantify the structures formed, and further, 403 

resolving the domain-wall dynamics arising during fs magnetization reversal – via stroboscopic 404 

ultrafast electron microscopy [23,27,39-41] – and directly imaging the associated thermal energy 405 

generation and propagation and resolving its effect on the magnetic and spin-transport behavior 406 

of the film [42]. 407 
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