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Characterizing the nonequilibrium response of FeRh thin
films using time-domain thermoreflectance
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Time-domain thermoreflectance (TDTR) characterization of FeRh throughout its first-order antiferromagnetic
(AF) to ferromagnetic (FM) transition shows that the transient reflectance AR(¢)/R strongly depends on the
magnetic order of the sample. Using TDTR, which uses optical pulses to induce small temperature excursions, we
have found that AR(¢)/R of the AF phase exhibits a large negative response, while the response of the FM phase
is positive. This magnetic phase sensitivity has allowed us to study the transient response of both the AF and
FM phases to the pump-pulse excitation and the mixed phase of the material. These results are significant since
the ultrafast properties of antiferromagnetic materials and mixed antiferromagnetic and ferromagnetic materials
are difficult to detect using other conventional techniques. We have found that the AF phase exhibits a strong
subpicosecond decaying signal not observed in the FM phase. The magnetic phase dependence of the sign of
AR(t)/R is qualitatively explained using the results of ab initio density functional theory calculations. Using
the two-temperature model, we found that the change in the thermalization time across the transition is caused
by differences in both the electronic heat capacity and the electron-phonon coupling factor of the AF and FM
phases. The electron-phonon coupling constant in the AF phase is also determined using the two-temperature
model conducted using the NTMPY code package. For the FM phase, we provide boundaries for the magnitude
of the electron-phonon coupling factor for the FM phase. These results indicate that TDTR can be used to study

the transient properties of magnetic materials that are otherwise challenging to probe.

DOI: 10.1103/PhysRevB.110.094417

I. INTRODUCTION

Iron-rhodium alloys Fe,Rh;_,, with Fe compositions x,
between 0.48 < x < 0.52, exhibit a first-order magnetic phase
transition near room temperature [1]. Although this phase
transition was first observed by Fallot ef al. in 1938 [2], it
has long been investigated by researchers due to its advan-
tageous properties such as large magnetoresistance [3] and
magnetostriction [4]. In addition, its proposed technological
applications, for example, heat-assisted magnetic recording,
are of interest [5,6]. This attention has resulted in a rich body
of research focused on the structural and magnetic properties
of FeRh alloys.

The magnetic phase transition occurs across a range of
temperatures and exhibits hysteresis which is dependent on
both composition and microsctructure [7,8]. For temperatures
below the transition, the magnetic order of the material is
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antiferromagnetic (AF); above the transition region, the ma-
terial is ferromagnetic (FM). For temperatures within the
AF-FM transition region, the sample exhibits a mixed phase
of AF and FM domains [9,10]. Near and throughout the transi-
tion region, FeRh crystallizes in CsCl structure; as the sample
undergoes the AF-FM transition with increasing temperature,
the lattice constant increases by approximately 0.3% in bulk
samples. For thin films, the strain is anisotropic with a value
of 0.1% in plane and 0.3% out of plane [11].

The intriguing nature of the FeRh AF-FM transition has
motivated researchers to investigate its origin and to examine
the different properties of the AF and FM phases. These
studies have led to a thorough exploration of the different
properties of the AF and FM phases of FeRh. First-principle
calculations using density functional theory (DFT) show that
the density of states (DOS) of the AF phase exhibits a pseu-
dogap of approximately 0.5 eV near the Fermi energy [12].
For the FM domains, this pseudogap in the electronic DOS is
not observed. These results are supported by Hall effect mea-
surements which determine that the Hall coefficient decreases

©2024 American Physical Society
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by almost an order of magnitude as the number and size of
the FM domains grows with an increase in temperature in the
transition region [13]. The source of this difference in Hall
coefficient is an increase in the carrier density concomitant
with an increase in the DOS near the Fermi energy in the
FM phase relative to the AF phase. Another experimental
result supporting the pseudogap of the AF phase was found
by Pressacco et al. [14]. Using x-ray photoemission spec-
troscopy, Pressacco et al. demonstrated an increase in the
electron spectral weight with the formation of FM domains.
These results show that as the FM phase grows in size with an
increase in the base temperature of the sample, the DOS near
the Fermi energy also increases. One might wonder how the
presence of the pseudogap in the AF phase and the absence of
this feature in the FM phase affects the response of FeRh to
an optical pump pulse.

The response of FeRh to optical pump-pulse excitation
has intrigued researchers for several decades. Pump-probe
techniques, such as time-resolved magneto-optic Kerr effect
(TR-MOKE) magnetometry, time-resolved x-ray diffraction,
and time-resolved photoelectron spectroscopy have been used
to study the transient response of FeRh. From these studies,
the onset of FM order has been observed on both the subpi-
cosecond [15-17] and picosecond timescales [14,18,19]. As a
result, the limiting timescale of the AF-FM transition remains
a source of debate.

Although the timescale of the FeRh AF-FM transition has
been reported using several detection methods, these measure-
ments used large pump fluences. Moreover, for the referenced
studies, the pump fluence was systematically increased to
induce the transition [15,20]. These measurements identified
a threshold pump fluence required to drive the AF-FM transi-
tion. Since the nonequilibrium response of metals depends on
pump fluence [21], it is challenging to decouple the effects
caused by changes in phase fraction from those caused by
altering the fluence of the pump. Here in the reported study,
we used time-domain thermoreflectance (TDTR) to determine
the response of FeRh thin films to pump excitation. For these
measurements, the temperature change per pulse of the pump
beam was 2 K. The width of the AF-FM transition for compa-
rable FeRh films is approximately 70 K [22]. For the sample
that we used, the width of the transition was approximately
50 K. Since the temperature change induced by a single pulse
used for this measurement is less than 3% of the width of the
AF-FM transition, we were able to study dynamics of FeRh
for temperatures within the AF and FM regions as well as
throughout the AF-FM transition region.

Although TR-MOKE is able to detect the FM phase, the
dynamics of the AF phase have been difficult to measure
using these methods. Recently, quadratic MOKE has been
used to study the magnetization dynamics of the metallic anti-
ferromagnet Fe, As [23]. This method measures the dielectric
function which depends on both the magnetization and the
Néel vector. As a result, the analysis of this method requires
that the components of the dielectric function tensor that are
linear and quadratic in magnetization are zero. FeRh exhibits
a residual magnetization in the AF phase due to a residual
FM component and a mixed phase throughout the AF-FM
transition. Thus, the nonequilibrium response of the AF phase
of FeRh as well as the response of the mixed phase is difficult

to isolate using quadratic MOKE. Our results show that the
transient reflectance can be used to detect the subpicosecond
response of AF domains in the transition region when FM
domains are present, which to the best of our knowledge,
cannot be detected using other conventional methods.

The transient reflectance AR(¢)/R is commonly used to
study the electronic and structural properties of materials on
the subpicosecond timescale. Thus, the transient reflectivity
of FeRh across the AF-FM transition has been measured
previously [15,16,20]. The AR(t)/R was used to deduce
the response of the lattice to pump-pulse excitation. Indeed,
AR(t)/R was measured to deduce the response of the lat-
tice to pump-pulse excitation using large pump fluences that
drove the system through the AF-FM transition [15,16].
Since the transient reflectance depends on the electronic band
structure of a material, one might consider if the transient
reflectance of FeRh is sensitive to the magnetic phase of the
material [24]. This question is the focus of this paper.

We have studied the temperature dependence of the
transient reflectance of FeRh using time-domain thermore-
flectance. The transient reflectance exhibits a significant
dependence on temperature. Using the AF-FM phase sensi-
tivity of this technique, we have studied the dependence of
the system response of FeRh on the relative AF-FM phase
fraction for time delays shorter than the thermalization time
of the electrons of the system.

It is well known that the reflectance of FeRh is dependent
on the magnetic order of the material. The relative magnitude
of the reflectance of the AF and FM phases depends on the
wavelength of the probe beam [12,25]. The results of this
study are significant because we are able to detect the AF
phase on the subpicosecond timescale and thus observe how
it responds to pump-pulse excitation for base temperatures
below and throughout the AF-FM transition. Using the same
technique, we can then compare these results to the response
of the FM phase. To analyze these results, we have used
density functional theory and the two-temperature model to
model the response of the system to pump excitation.

II. EXPERIMENTAL METHODS

Using TDTR, we measured the transient reflectance of
Pt(3 nm)/Fe49Rhs; (19 nm)/MgO(100) sample at different
base temperatures of the sample. The epitaxial FeRh thin film
was grown using dc magnetron sputtering deposition with a
single equiatomic FeRh target. The chamber base pressure
was 8 x 1078 torr, with a growth pressure of 2 mtorr of Ar.
During the FeRh film deposition, the substrate temperature
was maintained at 873 K. The thickness of the deposited FeRh
film was 19 nm. Following the film deposition, a Pt capping
layer was deposited at room temperature to prevent oxidation
of the FeRh film. Further details on the sample growth and
characterization can be found in the cited literature [8,26].
The sample compositions were determined using Rutherford
backscattering spectrometry. The temperature dependence of
the AF-FM transitions of the sample was characterized using
a magnetic property measurement system (MPMS).

For the MPMS measurements, the sample was configured
such that the applied magnetic field was parallel to the sam-
ple plane. To align remnant FM domains in the sample, we
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applied a magnetic field during the temperature-dependent
measurements. We determined the required magnitude of the
applied field by conducting magnetic field-dependent mea-
surements at room temperature. The minimum field needed to
overcome the domain pinning energy was 900 Oe. This mag-
nitude was small enough that both the diamagnetic response
and the shift in the temperature of the AF-FM transition were
negligible [27].

For the TDTR measurements, a mode-locked tita-
nium:sapphire ultrafast laser with a pulse repetition rate of
80 MHz was used. The central wavelength of the generated
pulses was set to 783 nm. The pump and probe beams were
separated using a polarizing beam splitter (PBS) and thus were
cross polarized. The beams were spectrally separated using
785-nm RazorEdge ultrasteep short-pass edge filter with a
cutoff frequency of 785 nm for the pump beam and a 785-nm
RazorEdge ultrasteep long-pass edge filter for the probe beam
[28].

For the described measurements, the powers of the pump
and probe beams were 7 and 3 mW, respectively. These
beams were focused onto the sample using a 5x microscope
objective lens with a 10.6-um in all units of measure."?>
spot size. The temperature excursion per pulse of the pump
and probe beams were approximately 2 and 1 K, respec-
tively. The temperature excursion per pulse is approximated
as [P(1 — R)/[(frep/2) wéhC], where fiep, Wo, h, and C are
the pulse repetition rate, beam spot size, optical absorption
depth, and the heat capacity of the sample, respectively. The
absorbed power is determined by measuring the power of the
reflected beam from the sample. The steady-state heating of
the pump and the probe beams was approximately 1 and 0.5 K,
respectively [29].

The pump-induced effects on the sample were measured
using lock-in detection. The pump beam was modulated at
11 MHz using an electro-optic modulator. Double modulation
was used to reduce the radio-frequency coherent pickup [30].
Double modulation was achieved using a computer-based
lock-in audio-frequency detector while the probe beam was
modulated at a rate of 200 Hz using a mechanical chopper.
The time delay between the pump and probe pulses was
achieved by altering the relative path length of the pump and
probe beam path using a retroreflector along the pump beam
path. The pump and probe beams were both normally incident
on the sample.

To ensure uniform heating the FeRh sample was mounted
onto a Si0,(300 nm)/Si substrate using Ag paste. Measure-
ments were conducted using an Instec heating and cooling
stage to control the base temperature of the sample. We de-
termined the temperature range for the TDTR measurements
using the results of the magnetic hysteresis characterization
of the sample. The range of base temperatures used for this
study was 300410 K. The pump-probe correlation function
was determined by a cross-correlation measurement using the
pump and the probe beams. For this measurement, we used a
Thorlabs DET25K GaP detector.

The ab initio density functional theory calculations were
conducted using the Vienna ab initio simulation package
(vAsP). For these calculations, the FeRh alloy is assumed to
have perfect structural and chemical ordering. A more detailed
description of the methods used in these calculations can be

250 300 350 400
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FIG. 1. Temperature-dependent magnetization measurements of
the Pt(3 nm)/FeRh(19 nm)/MgO sample with an applied magnetic
field of 900 Oe. The temperature range is divided into four regions,
which correspond to the phase of the FeRh sample. In temperature re-
gion I, the majority of the sample consists of antiferromagnetic (AF)
domains. In addition, there is a remnant ferromagnetic phase with a
magnetization of approximately 59 emu/cm?. The sample undergoes
the AF-FM transition in regions II and III. During this temperature
range, the sample exhibits a mixed phase. In temperature region 1V,
the majority of the sample is FM. As a result, the magnetization
decreases as the sample approaches the Curie temperature of FeRh
at 660 K [34].

found in Gray et al. [31]. The two-temperature model cal-
culations were conducted using the open-source NTMPY code
package [32]. In these simulations, the sample was modeled as
an FeRh layer on an MgO substrate. The resolution of the grid
was increased at the FeRh/MgO interface until the solutions
converged.

III. EXPERIMENTAL RESULTS

The magnetic hysteresis of the FeRh sample is displayed in
Fig. 1. The temperature dependence of the magnetization of
FeRh can be divided into four regions; each region includes
increasing and decreasing temperatures. These regions were
determined using the results of Baldasseroni et al. where the
slope of the magnetization with respect to temperature was
associated with different mechanisms for the AF-FM transi-
tion [33]. In temperature region I, the sample is majority AF,
with a remnant FM phase. In temperature regions II and III,
the sample undergoes the AF-FM transition. For temperatures
within these regions, the sample employs two mechanisms to
undergo the AF-FM transition: nucleation and domain growth.
In region II there is an increase in the number of FM domains
by nucleation at sites within the AF background. In region
III, the number of FM domains remains roughly the same
while the nucleated FM domains increase in size. The growth
of the FM domains is reflected in Fig. 1 by the change in
the slope of the magnetization with respect to temperature.
In region IV, the sample is majority FM. As the temperature is
further increased, the magnetization decreases as the sample
approaches the Curie temperature of FeRh (7 = 660 K) [34].
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FIG. 2. Time dependence of the transient reflectance [AR(?)/R] of the FeRh sample at different sample base temperatures. The AR(t)/R
is displayed in the majority AF phase (a), AF-FM transition region (b), and the majority FM phase (c). In both the majority AF and FM
phases, the time dependence of AR(7)/R does not exhibit a significant dependence on the sample base temperature. However, the transient
response of the AF phase (a) shortly following pump excitation is not detected in the FM phase (c). These results highlight differences in the
nonequilibrium responses of FeRh in each phase. In the AF-FM transition region (b) when FeRh exhibits a mixed phase, the transient response
of AR(t)/R characteristic of the AF phase is identified. As expected, this feature of the transient signal decreases in magnitude as the FeRh
enters the majority FM region with an increase in the base temperature of the sample.

In temperature region I, when the sample consists of mostly
AF domains, a remnant magnetization of 59 emu/ cm? is
observed. This nonzero magnetization below the onset of the
transition can be explained by residual FM domains, which
have also been observed in similar FeRh samples [35-37]. The
measured remnant magnetization accounts for approximately
7% of the total magnetization in the FM phase. Therefore, the
majority of the sample exhibits AF order below the AF-FM
transition region and undergoes the AF-FM transition.

The time dependence of the transient reflectance AR(?)/R
for temperatures within region I are displayed in Fig. 2(a). In
this region, when the sample consists of a majority of AF do-
mains, a negative peak in the transient reflectance is detected,
reaching a minimum value at a time delay of approximately
0.7 ps. Since this time delay is equivalent to the full-width
at half-maximum (FWHM) of the temporal correlation of our
setup, we conclude that the rise time of this peak is on the
subpicosecond timescale. Additionally, the fall time of this
peak does not exhibit a noticeable dependence on temperature.

At the onset of the AF-FM transition region (regions II and
IIT) when the sample exhibits a mixed phase, the transient sig-
nal characteristic of the AF phase is observed. The AR(t)/R
for temperatures within these regions is displayed in Fig. 2(b).
The peak magnitude decreases as the base temperature of the
sample increases. At the center of the transition region, the
peak magnitude of AR(?)/R becomes positive and continues
to increase as the base temperature is further increased.

In addition to the peak magnitude, the fall time of the
transient signal also depends on temperature. At the onset
of the AF-FM transition (region II), the fall time of the
peak is equivalent to that of the AF phase. However, at
higher base temperatures (region III), the fall time decreases
with increasing sample base temperature. Moreover, as the
base temperature of the sample reaches region IV, the fall
time of the transient peak is no longer detected. Since the
sample consists of a majority of FM domains in this region,
we conclude that the absence of the transient signal is a feature
of AR(t)/R of the FM domains of the sample. Similar behav-
ior is observed for the AR(t)/R for decreasing temperatures.

The dependence of the sign of AR(¢)/R on the AF and FM
phases, regions I and IV, suggests that AR(#)/R depends on
AF-FM phase fraction.

To associate these changes in the temperature dependence
of the transient reflectance with the FeRh AF-FM phase,
we have incorporated SQUID magnetometry results into our
study. Comparing the magnetic hysteresis shortly following
pump-pulse excitation to that observed in the absence of pump
excitation, we have displayed the temperature dependence of
the magnetization in the absence of pump excitation (SQUID
magnetometry) with the temperature dependence of the tran-
sient reflectance at a time delay of one picosecond (TDTR) in
Fig. 3. The overlap in the temperature dependence of these
two signals supports the conclusion that the AF-FM phase
fraction is not significantly changed by pump-pulse excitation.
Thus, the observed transient reflectance at a given base tem-
perature is a property of the AF-FM phase fraction measured
in the absence of pump excitation.

In addition to the dependence of the magnitude of AR(t)/R
on the phase of the material, the results of our measurement
exhibit a dependence of the fall time of AR(¢#)/R on the
relative number of AF and FM domains in the sample.

IV. PHENOMENOLOGICAL MODEL

In metals, it has been demonstrated that hot electrons are
excited above the Fermi energy upon excitation by an optical
pump pulse [38]. As a result, the electron distribution can
no longer be described using Fermi-Dirac statistics. As time
progresses, the hot electrons lose energy through electron-
electron scattering until thermal equilibrium is reached with
the electrons near the Fermi surface.

Shortly following the thermalization time of the electron
distribution, the hot electrons diffuse through the sample
where they lose energy by scattering with phonons in the
lattice. These electron-phonon scattering events raise the
temperature of the lattice until the electrons and phonons
reach thermal equilibrium. After thermalization is achieved,
electrons diffuse from the surface toward the substrate [39].
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FIG. 3. Temperature dependence of the normalized magnetiza-
tion of the FeRh film (MPMS signal) and the normalized AR(t)/R at
a time delay of 1 ps (TDTR signal). Significant hysteresis is observed
in both the TDTR and MPMS signals. Both the TDTR and MPMS
signals are normalized for relative comparison. Since the MPMS
detects the magnetization in the absence of excitation by an optical
pump pulse, the overlap of the TDTR and MPMS signals suggests
that for a given base temperature, the FM phase fraction at a time
delay of one picosecond is effectively equivalent to the equilibrium
magnetization at the base temperature.

Using the temperature dependence of AR(¢)/R, we modeled
the response of the system to pump-pulse excitation before
the electron and lattice temperatures thermalize. We used the
two-temperature model and linear systems techniques.

A. Two-temperature model

The two-temperature model utilizes two thermally coupled
reservoirs, one for the electrons and another for the lattice,
each with its own temperature [40]. Although FeRh exhibits
magnetic ordering, the intrinsic Gilbert damping parameter of
both the AF and FM phases is low, 0.0024 and 0.0031, respec-
tively [41]. As a result, the electron and spin reservoirs are
weakly coupled. Consequently, the response of the FeRh sys-
tem can be approximated using two temperatures, one for the
electron reservoir and another for the lattice reservoir (two-
temperature model) [42]. Using the two-temperature model,
the time evolution of the electron and lattice temperatures
[Tg () and Ty (¢)] are described by the following coupled equa-
tions:

dTg(t)
Ce(T) T =Gep(T)[Tg(t) — TL(t)] + S(2),
dT (1)
C(T) I Gep(D[Te(t) — TL()], (1)

where S(¢) and Ggp(T) are the absorbed energy from the
optical pulse and the electron-phonon coupling factor, respec-
tively. Cg(T) and C.(T) are the electronic and lattice heat
capacities, respectively. For our measurements ATy < T,
where Tp is the base temperature of the sample. The small
magnitude of the temperature excursion of the electron tem-
perature in relation to the base temperature is confirmed by the

TABLE I. Electronic heat capacity [y 7] and lattice heat capac-
ity [CL(T)] in majority AF phase (300 K) and majority FM phase
(390 K). The units of the electronic heat capacities and the lattice heat
capacities are # and ﬁ, respectively. The Debye temperatures
were reported by Cooke er al. [44]. To calculate the lattice heat
capacities at both 300 and 390 K, we determined C,(T") using the
Debye model. The lattice heat capacity [C.(T")] was determined
using C,(T) — yT, where Cy(T) is the heat capacity a constant

volume.

Phase Op(K) y Cp. (300 K) C.(390 K)
AF 340 216.9 2.8 x 10° 2.9 x 10°
FM 393 5143 2.7 x 106 2.7 x 10°

similar temperature dependence of AR(t; = 1ps)/R and the
MPMS data (Fig. 3). These results can be explained by the
small pump fluence used during these measurements (0.1
mJ/cm?). The small temperature excursion in response to the
optical pump pulse results in a small change in the electron
and lattice temperatures following excitation by the pump
pulse. Thus, the weak perturbation approximation is appro-
priate to solve the coupled differential equations displayed in
Eq. (1) [43]. This approximation assumes that Cg(T), C.(T),
and Ggp(T) are effectively constant throughout the calcula-
tion of the electron and lattice temperatures. Within the weak
perturbation regime, Tr(¢) is exponential with the following
form, Tg (t) = Ae™"", where

_ Gep(Ce +Cp)
CeCy, ’

Although the fast exponential decay is detected in the AF
phase, it is not resolved in the FM phase. These results high-
light the phase dependence of the exponential decay rate and
thus the thermalization time of FeRh. The phase dependence
of the thermalization time in FeRh is supported by earlier
studies reporting the phase dependence of the electronic and
lattice heat capacities of FeRh [44]. The values of the elec-
tronic and lattice heat capacities for the AF and FM phases
are displayed in Table I. These values show that the reduced
heat capacities of the AF and FM phases have the following

relatl()nshlp.
M A

b )

CsCp CeCy,

As bpy is larger than bap, Eq. (2) yields Ggp(FM) >
Ggp(AF).

Since the fast exponential decay of the transient reflectance
of the FM phase could not be resolved by our setup, we
used the system resolution limit to determine the maximum
decay rate that our system could detect. This value serves as a
maximum decay rate for the FM system. Since the resolution
of the TDTR setup is 0.77 ps, the minimum decay rate is
1.3 x 10" s7'. Thus, using Eq. (2), the maximum Ggp at
T =390 K is 2.43 x 10" W/m’K.

In the AF phase, the fast decay rate was detected by our
system. As a result, we were able to determine the Ggp of the
AF phase using the two-temperature model. This technique
required that we fit the AR(7)/R using a weighted average of
the electron and lattice temperatures calculated by the NTMPY
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FIG. 4. (Left) Time dependence of electron and lattice temperatures calculated using two-temperature model implemented using NTMpy
code and fit using linear systems techniques (LS). The electron temperature, 7z (¢), and lattice temperature, 7; (¢), were determined with an
electron-phonon coupling factor of 7.11 x 10'® W/m?K at 300 K. The resulting calculated electron and lattice temperatures were fit using
functions determined using linear systems techniques, 7z 1s and 77 1s, respectively. (Right) A weighted sum of the ATy s and AT} s was

used to fit the transient reflectance, AR(r)/R, at 300 K.

code for a given Ggp. To fit the transient reflectance using the
weighted average of the electron and lattice temperatures, we
first fit the electron and lattice temperatures generated by the
NTMPY code using linear systems techniques.

B. Linear systems model

Since the magnitude of the pump-induced temperature ex-
cursions was only 1% of the base temperature of the sample,
linear systems techniques could be used to fit the calculated
electron and lattice temperatures. For time delays shortly
following pump excitation (fgelay & 1-2 ps), the system re-
sponse g(¢) was determined by convolving the pump-probe
correlation function C,p(¢), with the impulse response of the
system hg(t). The system response can be represented using
an expression of the form

8(t) = Q x Cop(t) * he (1), “

where O = ,/S,, x G. 3, is the two-photon quantum effi-
ciency and G is the impedance gain of the detector [45]. The
time dependence of the system response was modeled using a
decaying exponential

hi(t) = a.e™, o)

where ar and bg are fitting parameters. Equation (5) was
used to fit the electron temperature calculated using the two-
temperature model. The calculated lattice temperature was fit
using the following functional form:
a
)H (), (6)

_ _ ,=bit
a@)=(-e )<(1 + 1 /14ise) /2

where a, b, and t4 are fitting parameters and H(r) is
the Heaviside step function. The fitted time dependence
of the electron and lattice temperatures is displayed in
Fig. 4.

Using the NTMPY code to determine the electron and lattice
temperatures for a given electron-phonon coupling factor, the
linear systems model results, Tz 15 and 7 1g, were used to
fit the calculated electron and lattice temperatures, respec-
tively. A weighted sum of the Tx ;s and 7} s was used to fit

the measured AR(t)/R. We have determined Ggp(300 K) =
7.11x10'® W/m3K. These fit results are displayed in Fig. 4.

V. DISCUSSION

The phase sensitivity of the transient reflectance of FeRh
can be explained using the spin-polarized DOS for the AF
and FM phases of FeRh. The total electronic DOS for the
AF and FM phases are displayed in Fig. 5. The occupied
and unoccupied states following excitation are highlighted
using a cyan and yellow rectangle, respectively. As seen from
the DOS plot in Fig. 5(a), the AF phase has a pseudogap
extending from O to about 0.5 eV below the Fermi energy.
The DOS of the occupied states that can be excited by 1.58-eV
photons (cyan area in Fig. 5) matches well with the DOS in of
the unoccupied states (yellow area). In the AF state, all bands
are spin degenerate such that the spin conservation of the
optical transitions is not a limitation. As a result, the optical
pump pulse is well absorbed. Thus, a decrease in AR(¢)/R
is observed in the AF phase. In the FM phase, the major-
ity of the optically excitable states [-1.58 eV < E < 0 eV,
cyan area in Fig. 5(b)] have spin-up polarization, while the
majority of the unoccupied states are spin down. Since the
optical transition induced by the pump pulse conserves spin,
only few electrons can be excited. Thus, interband transitions
are strongly suppressed in the FM phase and the pump pulse is
only weakly absorbed. Consequently, a decrease in AR(t)/R
is not observed.

The phase dependence of the electron-phonon coupling
factor is supported by the electronic DOS of the AF and
FM phases of FeRh. Electron scattering events occurring
near the Fermi energy contribute most strongly to the
electron-phonon coupling factor [46]. The electronic DOS of
the AF phase includes a pseudogap of approximately 0.5 eV
about the Fermi energy in both spin channels [see Fig. 5(a)].
This pseudogap is not observed in the FM phase. This
difference in the electronic DOS explains the changes in the
electron-phonon coupling factor across the transition, and thus
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| spin up
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Total DOS (states/eV)
o
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| spin down

E-E, (eV)

FIG. 5. Density of states (DOS) of FeRh in (a) AF phase and (b)
FM phase calculated in DFT. The Fermi level (Er) is set to zero.
The area shaded in cyan shows the states that may be excited with
the 1.58-eV photons used in the experiment. The area shaded in
yellow highlights the possible final states after the optical excitation.
To assist the reader, a rectangle has been inserted to highlight the
pseudogap of the AF phase DOS.

the differences in the electron-phonon thermalization times of
the AF and FM phases.

VI. CONCLUSIONS

We have used TDTR analysis to study the behavior of
FeRh following optical pump-pulse excitation at sample base
temperatures below, above, and throughout the AF-FM tran-
sition. For these measurements, we used small temperature
excursions to excite the system. Our results demonstrate the
sensitivity of the transient reflectance to the magnetic order of
the material. At low temperatures, when the majority of the
sample is antiferromagnetic, the transient reflectance can be
described by a significant negative transient signal followed
by a signal with the same negative sign but a slower rate
of increase. At temperatures above the transition region, the
transient reflectance is positive and the fast transient signal
observed in the AF phase was not detected. The change in
the sign of the transient reflectance across the transition can
be qualitatively explained by differences in the spin-polarized

DOS within the energy range accessible to electrons affected
by the pump pulse (£ 1.6 eV around the Fermi level).

To explain the magnetic phase dependence of the fast tran-
sient signal, we used the two-temperature model in the weak
perturbation regime. Using this phenomenological model,
we determined that the phase sensitivity of the transient re-
flectance is caused by changes in the electronic heat capacity
of the material and an increase in the electron-phonon cou-
pling factor in the FM phase. Using the results of ab initio
calculations, the phase-dependent changes of these param-
eters can be explained by the differences in the electronic
band structure near the Fermi energy, specifically the pseu-
dogap observed in the electronic DOS of the AF phase that is
absent in the electronic DOS of the FM phase. Conducting
two-temperature model calculations using the NTMPY code
and developing a linear systems model to fit the calculated
electron and lattice temperatures, we determined the electron-
phonon coupling factor in the AF phase. The results of this
study demonstrate the tunability of the sign of the transient
reflectance using the electronic band structure of the material.
Although the AF phase is difficult to probe in the presence of
FM domains, these results demonstrate a method for detecting
the AF phase at temperatures when the FM phase is present.
These results are significant because they demonstrate the
flexibility of TDTR to study the ultrafast response of magnetic
materials which may otherwise be challenging to probe.
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