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Ultrafast negative thermal expansion driven by spin disorder
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We measure the transient strain profile in a nanoscale multilayer system composed of yttrium, holmium,
and niobium after laser excitation using ultrafast x-ray diffraction. The strain propagation through each
layer is determined by transient changes in the material-specific Bragg angles. We experimentally derive the
exponentially decreasing stress profile driving the strain wave and show that it closely matches the optical
penetration depth. Below the Néel temperature of Ho, the optical excitation triggers negative thermal expansion,
which is induced by a quasi-instantaneous contractive stress and a second contractive stress contribution
increasing on a 12-ps timescale. These two timescales were recently measured for the spin disordering in Ho
[Rettig et al., Phys. Rev. Lett. 116, 257202 (2016)]. As a consequence, we observe an unconventional bipolar
strain pulse with an inverted sign traveling through the heterostructure.
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I. INTRODUCTION

In most of the research on ultrafast magnetism the
lattice was considered only as an angular momentum
sink [1-3]. Ultrafast effects on the lattice induced by
demagnetization have been discussed surprisingly rarely
[4-7]. Time-resolved magneto-optical Kerr measurements
and optical picosecond ultrasonics are the workhorse for
many researchers [1,2,8—12]. Ultrafast electron diffraction
(UED) or ultrafast x-ray diffraction (UXRD) experiments that
directly observe the transient lattice strain induced by ultrafast
demagnetization have been discussed only sporadically
[4,5,13-15]. Several ultrafast diffraction studies on the
transition metals Ni and Fe [16-18] discuss the strain waves
excited by electron and phonon stresses o, and oy, and theory
predicts relevant electron-phonon (e-ph) coupling constants
[19] even with mode specificity [20]. Very recently, granular
FePt films were studied by UXRD [21] and UED [5]. The
rapid out-of-plane lattice contraction could be convincingly
ascribed to changes in the tetragonality of the lattice by ab
initio calculations of the total ground-state energy for the spin
system in the paramagnetic and ferromagnetic phases [5]. To
simulate the dynamic changes in a system with several degrees
of freedom it is common to apply multiple-temperature
models [5,9] which assume that each subsystem can be
described by an individual temperature 7;, although it has
been shown that different phonon modes may be out of
thermal equilibrium for 100 ps [20]. Specialized techniques
allow for assigning timescales to specific electronic processes
and orbitals or bands [3,22-25]. This is particularly relevant
in the magnetic rare earths, where the exchange interaction
between the localized 4 f spin and orbital magnetic moments
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is mediated by the itinerant 5d6s conduction electrons via
the Ruderman—Kittel-Kasuya—Yosida (RKKY) interaction
[26,27]. In antiferromagnetically ordered phases the question
of angular momentum transfer is less relevant since the
net magnetization is zero. Rare-earth elements prove to be
a versatile testing ground for understanding how rapidly
ultrafast demagnetization leads to stress in the crystal lattice.
We selected Ho since a recent resonant hard x-ray scattering
experiment measured that the demagnetization of both the
localized 4f moments and the itinerant conduction electrons
proceed on a fast 200-fs timescale attributed to electron-spin
interaction and a slow 9-ps timescale for coupling phonons to
the spins [22].

In this paper we use UXRD at a laser-based femtosecond
plasma x-ray source (PXS) to show that the ultrafast laser
excitation of Ho below its Néel temperature Ty = 132K
generates negative stress that rises on the two timescales for
disordering the spin system [22] and drives bipolar strain wave
packets with an inverted sign compared to common materials
without negative thermal expansion (NTE) [8,28]. We use the
material specificity of UXRD to cross-check the individual
lattice constant changes in this metallic multilayer system,
which is opaque to optical probes.

In the paramagnetic (PM) phase of Ho, the analysis is
simplified by the complete spin disorder, and we show that the
spatial excitation profile of the driving stress can be derived
by probing the bipolar strain pulse in the adjacent Y and
Nb buffer layers. The spatial stress profile is approximately
given by the penetration depth of the pump pulses. The UXRD
experiment in the antiferromagnetic (AFM) phase reveals an
instantaneous compensation of the expansive electron and
phonon stress in Ho by the negative instantaneous stress
component og,o due to spin disorder. In addition to this
subpicosecond negative-stress component, the negative stress
ogp(1) keeps rising on a 12-ps timescale. These negative-stress
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components in Ho are evidenced in the adjacent Y and Nb
by the extended leading expansive edge of the propagating
bipolar strain pulse, which has an opposite sign compared to
excitation of Ho in the PM phase. Thus, we observe dynamic
stress rising on the two timescales on which disordering of
the spin helix was observed by resonant x-ray scattering [22].
However, we emphasize that the observed lattice contraction
in Ho is about 20 times larger than the peak shift of the
magnetic Bragg peak that was observed for very similar
fluence [22] because it, in fact, measures the period of spin
helix which is incommensurate with the lattice.

In a broader context, our observation of ultrafast lattice
contraction in Ho is discussed as an example of a rapid
entropy-driven manifestation of the NTE phenomenon, which
may occur on different timescales in various materials ranging
from nonmagnetic molecular nanocrystals [29] and oxides
with open oxygen frameworks [30] to ferroelectrics [31] and
magnetically ordered systems like Heusler alloys [32].

II. SPIN-GRUNEISEN CONSTANT AND NTE

In laser-excited magnetic systems, the role of a nonequilib-
rium within and/or among the different subsystems is heavily
debated. The prevalent basis of the discussions is multiple-
temperature models. In thermal equilibrium, standard thermo-
dynamic approaches emphasize the role of the entropy S by
calculating the equilibrium lattice constants from the mini-
mum of the Gibbs free energy G =U + pV — TS [33,34].
For a discussion of lattice dynamics, where the change in
volume V is driven by a pressure p or, for an anisotropic case,
the strain ¢ is driven by a stress o, we can circumvent the
discussion of a (non)equilibrium temperature by considering
the energy density p@.

It is common to evoke the macroscopic Griineisen coeffi-
cients (GCs) I'e pi, for phonons and electrons, which describe

the efficiency of generating stress oepn = Fe,phperh by a heat

energy density pgph [34]. If T'e # I'pp, ultrafast diffraction
allows inferring the time-dependent o (¢) from the observed
transient strain &(¢) [16,17,35]. Hooke’s law relates ¢ linearly
to o and hence to the energy densities pgph deposited in each
subsystem. The Griineisen concept was extended to stress
resulting from spin excitations in Ni and Fe [33,36], but the
experimental verification remained ambiguous [16—18]. Ther-
modynamic analysis affirms that the GCs generally measure
how entropy S depends on strain ¢ [37]. While for a gas
of phonons or electrons the entropy usually increases with
the volume, the phenomenon of NTE generally occurs when
the entropy S decreases upon expansion, i.e., 35/de < O.
There are various origins of NTE [33,34]; however, for spin-
ordered phases of rare earths, the NTE along the ¢ axis of
the hexagonal lattice is very large and clearly associated with
the energy density ,os% of the spin system. Figure 1(a) shows
the three contributions C psp(7') to the specific heat [38,39].
The negligible contribution of the electron system is barely
visible as a gray area below the red shaded phonon contribu-
tion. The blue shaded spin contribution is very large for all
temperatures below 7y, and close to the second-order phase
transition to the PM phase it is even larger than the phonon
contribution. Figure 1(b) indicates the change in the c-axis
lattice constant, which is negative, when the spin contribution
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FIG. 1. (a) Specific heat of Ho [38,39] separated into the three
contributions Cepnsp(T), where the electron contribution C.(T') is
hardly visible and the spin contribution Cy, even exceeds the phonon
contribution G, at some temperatures. (b) ¢ axis of the Ho thin film
as a function of temperature, showing large NTE below Ty = 132 K.
(c)—(e) Schematics of the hexagonal lattice illustrating the c-axis
lattice change and the helical spin order below 7y. (f) Schematic
of the layer stacking and the pump-probe geometry. (g) The RSM
including separated Bragg peaks of Y, Ho, sapphire, and Nb. The
slices of the RSM used for (h) and the time-resolved measurements
are shown in red (Nb) and blue (Ho+Y). (h) The projection of the full
RSM (gray) and measurements along the slices with a fixed angle w
(red and blue).

to the specific heat is large. Surprisingly, also in these systems
exhibiting a divergent specific heat at the phase transition, the
spin GC Iy, is essentially independent of T [13,14], even
though the total GC [37] varies strongly with 7. Separating
phonon and spin contributions to the thermal expansion and
the heat capacity of Ho yields I'p,/T's, &~ —0.2 [33,37]. This
implies that equal energy densities in the spin and phonon
system lead to a five times larger contractive stress, which
overwhelms the expansive phonon stress. The separate GC
e ph,sp are independent of 7" because the T dependences of the
specific heat Ce ppp(T') and the thermal expansion coefficient
Qe ph,sp(T'), which originate from the quantum nature of the ex-
citations, cancel out [33,34]. This linear dependence of energy
density and stress in each subsystem makes the Griineisen
concept useful and causes temperature and thermal equilib-
rium within each subsystem to be properties of secondary
relevance to the dynamics. Nonetheless, the temperature-
dependent specific heats Ce phsp(T) map the multiple-thermal
energy model onto classical multiple-temperature models.

III. EXPERIMENTAL DETAILS

The multilayer stack was grown by molecular beam epi-
taxy on sapphire in the sequence 128 nm Nb, 34 nm Y,
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46 nm Ho with a thin capping layer of 4 nm Y and 3 nm
Nb [see Fig. 1(f)]. X-ray reflectivity measurements confirm
the total thickness of the metallic multilayer on the sapphire
substrate; 200-fs hard x-ray probe pulses with a photon energy
of 8 keV are derived from the PXS at the University of Pots-
dam [40]. The p-polarized 50-fs laser pulses with a diameter
of 1500 um (FWHM) excite the sample at an incidence angle
of about 52°. The incident fluence of the 800-nm pump pulses
is 3mJ/cm?; an absorbed fluence of 1.7 mJ/cm? is calculated
according to the refractive index obtained by spectroscopic
ellipsometry. The penetration depth is 21 nm at 800 nm for all
temperatures. A schematic of the sample and the pump-probe
geometry is given in Fig. 1(f).

The reciprocal space map (RSM) of the multilayer system
including separated Bragg peaks of Y, Ho, sapphire, and Nb at
room temperature is shown in Fig. 1(g). The map is obtained
by recording the symmetrically and asymmetrically diffracted
x rays on the area pixel detector (Dectris PILATUS 100K)
as a function of the “rocking” angle @ between the sample
surface and the center of the convergent femtosecond x-ray
beam [40]. The gray line in Fig. 1(h) shows a projection
of the full RSM onto the out-of-plane component g,. The
red and blue lines indicate typical x-ray diffraction curves
derived from the dashed cuts through reciprocal space indi-
cated by the red and blue lines in Fig. 1(g). These cuts are
given by the x rays’ angle of incidence w chosen for the
UXRD experiments. The center position of the Bragg reflec-
tion is obtained by fitting a Gaussian function to each layer
peak.

IV. RESULTS

Figure 2 summarizes the strain in all three layers for the
PM phase of Ho (red) and in the helical AFM phase of Ho
around 40 K (blue). The individual data points were obtained
by fitting a Gaussian function to each layer peak. In the PM
phase two characteristic times are identified from the UXRD
data: At ¢t = 17 ps, Ho has reached the maximum expansion.
This indicates the time it takes the expansive sound to travel
from the surface to the Y interface. At this time the leading
compressive part of the bipolar strain wave packet [8,28] has
fully propagated from the Ho into the Y layer, as evidenced
by the pronounced minimum in the Y strain (see Fig. 3 for an
illustration of the strain wave). At ¢ = 26 ps the zero crossing
of the bipolar strain wave packet traverses the Y /Nb interface,
which yields the pronounced minimum in the Nb strain. These
characteristic time points yield the layer thicknesses given
above.

The UXRD data recorded in the AFM phase of Ho directly
show a delay of the contractive strain in Ho [Fig. 2(a), blue
line]. The minimum of the Ho strain at about 23 ps is delayed
by about 6 ps compared to the maximum in the PM phase.
The signal in Y [Fig. 2(b)] confirms that also the propagating
bipolar strain wave packet has a reversed sign of the strain
amplitude at low temperature and a delay of about 6 ps.
In the PM phase, the leading compressive part of the strain
launched in Ho by thermal expansion reduces the out-of-plane
lattice spacing in Y, although the Y layer is also excited
by the pump pulse [28]. In the AFM phase the contractive
stress in Ho dominates and reverses the sign of the bipolar

eHo (1079)

2 (AIHoA
1 b \/\/\%\W
0

-1 F

2 T T T T T 1 —F

- 140K —— 50K
I

—— 250K —— 35K

5000 3000

20 40 60 80 100 _ 300
delay t (ps)

FIG. 2. Transient lattice strain ¢ for (a) Ho, (b) Y, and (c) Nb after
laser excitation in the PM (red) and AFM (blue) phases as determined
from UXRD. The thin solid line at 17 ps indicates the time it takes
the maximum expansion starting at the surface to propagate to the
Ho/Y interface. At this time Ho is maximally expanded, and Y is
fully compressed since the expansive part of the bipolar strain is fully
in the Ho layer, whereas the leading compressive part is only in the
Y layer. The thin line at 26 ps indicates the same fully compressed
situation for the Nb layer. In the AFM phase Ho [in (a)] has a 6-
ps delay of the maximal contraction compared to the maximal PM
expansion.

strain. Hence, the Ho contraction expands the adjacent Y,
assisted by the small expansive stress from direct optical
excitation of Y. The UXRD signal from the Nb layer is even
cleaner, as a negligible amount of light is absorbed in this
layer. Therefore, we repeated the experiments on Nb. The
obtained signal [Fig. 2(c)] had to be scaled appropriately due
to the slightly different base temperature and fluence. The tiny
negative lattice constant change in Nb [Fig. 2(c)] in the first
15 ps is due to the stress generated in Y, and the crossover
to the strong expansion starts around 10 ps, when the leading
expansive part of the bipolar strain wave packet generated by
the exponentially decaying compressive stress in Ho reaches
the Nb layer. The very short wiggle of the average Nb layer
strain at 26 ps heralds the rather strong but spatially narrow
bipolar strain wave packet launched by the 7-nm-thick Nb/Y
capping layer. The time perfectly coincides with the arrival
of the wave created by surface expansion that was already
observed in the PM phase. The same feature from the capping
layer is also clearly observed in the Y data at 19 ps. In the PM
data set, this feature is absent since the cap layer and the Ho
layer both expand with similar amplitude.

For t > 200 ps the sound wave reflections have ceased,
and we can safely interpret the expansion and contraction
of each layer by the average energy densities pepns. For
earlier time delays, the spatially averaged thermal stress in
each layer can be obtained from the data by averaging out
the oscillations. For timescales shorter than the characteristic
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FIG. 3. (a) Zoom of the first 45 ps of the Nb data from Fig. 2(c).
The black line shows an exponential fit to the strain in the PM
phase, which is used to extract the driving stress via Hooke’s law.
(b)—(f) Stress (dashed) and strain profiles for selected delays in
the heterostructure from a simulation. To avoid unimportant rapid
oscillations in this graph, the temporal stress profile was smoothed
by a 0.5-ps Gaussian function. The NTE stress in Ho rises with
7 = 12 ps. The inverted strain profile is most prominently seen in
(c) and (d) in the Y and Nb layers, respectively. As an illustration,
a video sequence of this temporal evolution of the stress profile and
the strain wave is given in the Supplemental Material [41].

oscillation period of the layer, however, the transient stress
must be obtained from modeling the elastic response of the
system. The measured transient (negative) thermal expansion
e(t) = en(t) + &4 () is a linear superposition of the averaged
thermal strain €4 (¢) and the layer-averaged amplitude of the
hypersound waves &g, (¢) triggered by the rapid expansion
following the ultrashort pulse excitation, which reflect from
the interfaces.

V. ANALYSIS

In this section we highlight the potential of UXRD for de-
riving the spatial form of the stress driving the observed strain
[42,43]. In Fig. 3(a) we analyze the UXRD data recorded
for the Nb layer in the PM state of Ho, zooming in on the
pronounced compression signal of the Nb layer. The average
strain ey, shows an increasing compression slowly starting
at t+ = 0 when the bipolar strain wave packet starts entering
the Nb layer. Neglecting sound velocity differences in the
heterostructure, an exponential spatial stress profile generates
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FIG. 4. The simulated spatiotemporal strain profiles show the
traveling sound waves in the heterostructure in the (a) PM and
(b) AFM phases. (c)—(e) Simulated strain for the PM phase in the
three layers (red) is compared to the data. (f)-(h) Simulations for
the AFM phase with varying time constant 7 = 0, 6, 12, and 18 ps.
The best match to the data is obtained for T = 12 ps.

a bipolar strain pulse with a compressive leading edge that has
an exponential spatial dependence as well [28].

Thus, from the measured strain in a dedicated detection
layer, we can show that the spatial stress profile in fact decays
exponentially with the characteristic length scale £ = 25 nm
which matches the value calculated from the optical constants
measured by ellipsometry. For direct comparison with the
data we plotted in Fig. 3(a) the stress opy = ope /% onto
the measured strain data using an appropriate scaling by
Hooke’s law. In the AFM phase (blue) the spin and phonon
stress contributions approximately cancel out immediately
after excitation. In Figs. 3(b)-3(f) we show the spatial stress
profiles used in the further analysis of the data via simulations
as dashed lines.

VI. MODELING AND DISCUSSION

Now we discuss the numerical modeling of the observed
strain that is necessary to derive the transient stress changing
faster than the characteristic thickness modulation time of
the layers. In the PM phase of Ho we calculate the transient
strain [Fig. 4(a)] by integrating the equation of motion for
a linear masses-and-springs model using the UDKMI1DSIM
toolbox [44]. The experimentally derived exponential spatial
form of the stress opy serves as an input. Figures 4(c)—4(e)
show the excellent agreement of the simulations with the
measured data for all three layers in the PM phase when
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using the exponentially decaying stress profile & = 25 nm
derived above. For simplicity, we assume an instantaneous rise
of the combined e-ph stress. Separate electron and phonon
GCs do not improve the fit in Figs. 4(c)-4(e). We note that
the energy density in each subsystem is linearly proportional
to the stress and strain in each layer. The spatiotemporal
strain shown in Fig. 4(a) is used as input parameter for the
calculation of the x-ray diffraction pattern by dynamical x-ray
diffraction theory. The positions of the simulated Bragg peaks
are obtained by fitting a Gaussian function as done in the
experimental data analysis. For illustration, Figs. 3(b)-3(f)
depict the spatial strain profiles for selected time delays,
which are cross sections of the spatiotemporal strain profiles
in Figs. 4(a) and 4(b), leading to the fits in Fig. 4(c)—4(h).
Figures 3(b)-3(f) contain the transient spatial stress profiles
(dashed lines) used as input for the simulation. After about
30 ps [Figs. 3(e) and 3(f)] the simulated strain profile is very
close to the simple stress-strain relation, with only a slight
deviation due to residual hypersound waves. The observed
signal oscillations (Fig. 4) due to hypersound waves reflected
at the interfaces of all three layers are reproduced by the
model.

To simulate the corresponding spatiotemporal strain
[Fig. 4(b)] when Ho is excited in the AFM phase, we have
to take into account the negative stress induced by spin
disorder, which adds to the positive e-ph stress; the dynamics
become richer and challenge the modeling. We model the
transient stress 0 = [epy peQ_ph + I‘sp,os% [Figs. 3(b)-3(f)] from
the balance of thermal energy densities in the combined e-ph
system ,er_ph and in the spin system p<:

'OeQ-ph(t) = peQ-ph,oo + 'Odeneit/T’ (1)

P = PG+ Pl =71/, @
o _ 0 Q 0

Plaser = 'Oe-ph,oo + 'Osp,O + pdyn' (3)

In the first 70 ps in Figs. 4(f)-4(h), we may disregard heat
transport and assume local conversion of energy pgph(t) to

ps%(t) with a coupling time t. In this model the energy
density ,ogser imparted by the laser is partially converted to
the spin system quasi-instantaneously as ,ost’O. ,onyn is trans-
ferred from the e-ph system to the spins on the timescale t.
peQ_mOO is the heat remaining in the e-ph system until heat
transport starts to become relevant. The variables Qe ph, Osp,
and Qgyn have to fulfill energy conservation and approach
thermal equilibrium for ¢ >> t. The remaining parameter is
used to match the amplitude of the signal. The partitioning

into only two simulated heat reservoirs is chosen because peQ_ph

and ,os% trigger competing expansive and contractive stresses,
respectively. We do not attempt to separate the electron and
phonon contributions because this seperation did not improve
the fit with the data in the PM phase either. The essential fitting
parameter is t, which we initially assumed coincided with
the slow timescale for demagnetization of 7, = 9 ps observed
by resonant x-ray scattering (RXS) [22]. The fast timescale
71 = 0.6 ps is beyond the time resolution we can extract from
the lattice dynamics of layers with a thickness on the order
of 50 nm. For the modeling we assume an instantaneous

coupling of heat energy into the spin system described by ,05%’0
in Eq. (2), which mimics 7; for the spin disordering observed
via RXS, which is attributed to a rapid spin-flip scattering of
the optically excited conduction band electrons, enabled by
the strong spin-orbit interaction in Ho [22]. Figures 4(f)—4(h)
show the excellent agreement achieved simultaneously in the
signals from all three layers for T = 12 ps. Especially, the
initial contraction of Ho and the delayed expansion of Nb are
very sensitive to variations of 7, as can be seen in the thin lines
depicting the simulated signal in Figs. 4(f) and 4(h)

We would like to point out that the intense bipolar strain
wave packet launched by the expansion of the capping layer
at low temperatures evident from Fig. 4(b) enhances our con-
fidence in the model since it is directly observed in the signal:
The short dips in the Y strain [Fig. 4(g)] at 18 ps and in the
Nb strain [Fig. 4(h)] at 26 ps indicate the arrival of the narrow
compressive part of the bipolar strain pulse, independent of t.
For v = 0 ps, the maximum in the Nb strain coincides with
the minimum observed in the PM phase of Ho. Thus, when
all the energy transferred to the spin system arrives there
instantaneously, Fig. 4(h) is a nearly perfect mirror image
of Fig. 4(e). The increasing delay of the maximum in Nb
for increasing 7 can be assigned to the delayed NTE stress
induced by spin disordering. The blue line in Fig. 3(f) shows
once more that the total strain essentially follows the NTE
stress profile in Ho (dashed line). Variation of the spatial
stress profile of the spin excitation, e.g., to a homogeneous
demagnetization profile throughout the layer, has a negligible
effect on the Ho signal and does not improve the agreement
with the Y and Nb signals.

Finally, we would like to discuss the observation of ul-
trafast negative stress on the subpicosecond timescale in the
context of NTE in general.

NTE requires a specific interaction, where the energy
decreases with changes in the volume [33,36]. For Ho the
dominant interaction is the exchange interaction Jey., and it
was shown earlier that the expansion coefficient ¢ ~ 9Jexc/dc
scales with the strain-induced change in the exchange in-
teraction Jex. [27,45]. From a statistical physics perspective,
the spin entropy S = RIn(2J + 1) must be dominated by the
large angular momentum J of the localized 4f moments.
Hence, the heat energy density ,ost associated with the spin
disordering and the concomitant stress o (¢) = Fspps%(t) is
also mainly connected to the localized spins. On the other
hand, the RKKY interaction requires the itinerant electrons to
mediate the coupling. It is not self-evident if a disordering of
the optically excited itinerant electrons alone would be able
to explain the full magnitude of the negative stress. In the
Ho system, the recent work by Rettig et al. [22] confirmed
that both types of electrons disorder on the same timescale;
however, it will be interesting to test the situation in other
systems, such as Gd, where disparate timescales have been
observed [46].

VII. CONCLUSION

In conclusion, we have reported that ultrafast laser-induced
disordering of the spin system of Ho proceeds on two
timescales and triggers NTE via ultrafast stress mediated by
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the exchange interaction. On the subpicosecond timescale
already nearly half of the negative stress is present, and it fully
balances the expansive stress from electrons and phonons.
According to the ratio of GCs I'e.pn/I'sp = —0.2 this balance
implies that 20% of the energy absorbed in the Ho layer
has excited the spin system. Within t = 12 ps, the fraction
of energy in the spin system rises to 40%. If we consider
the fact that for the ferromagnetic rare earth Gd, different
timescales for disordering the localized and itinerant orbitals
have been observed, it is not clear on which timescale the
stress should occur. We believe that this study may trigger
similar investigations in other systems with NTE since it is

not obvious that the thermodynamic relation predicting stress
o = I'p? proportional to the energy density in a subsystem
will hold in time-dependent nonequilibrium situations and for
any origin of the negative entropy-volume relation required
for NTE.
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