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Abstract

Interplay of magnons and phonons was believed to give rise to interesting thermal properties in

the classical antiferromagnet MnF2. We employed fluorescent flash method to investigate the

dynamic thermal transport in this material. Inspired by previous studies on low dimensional

quantum magnets, we measured the thickness dependence of thermal diffusivities at both room

temperature and below transition temperature. As expected, we observed a strong dependence

of such only at low temperature. The behavior of such thickness dependence was attributed to

the suggested very long magnon-phonon thermalization time τmp. Further studies can be done

to further clarify this phenomenon and give a good estimation of τmp.
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Chapter 1

Introduction

In low dimensional quantum antiferromagnets, for example single chain compound SrCuO2

and spin ladder compound Ca9La5Cu24O41, magnetic excitations, or magnons, produce an

important contribution to the thermal conductivities of the materials. Among these electronic

insulator compounds, people have already found materials with large conductivities in one

direction, while negligible in other directions. This phenomenon has potential applications

in cooling systems in electronics structures where materials conducting heat but not electric

current and anisotropic thermal conducting properties are quite neat.

Although magnons may have a very large thermal conductivity, the way they contributes to

total thermal conductivity is by coupling to phonons. In fact experimentally only phonon system

can be excited externally and measured directly. Magnons contribute only by exchanging heat

with phonons. With different magnon-phonon coupling strengths, one can explain the great

differences in certain 3D magnetic materials. Moreover, the thermalization time of magnon and

phonon subsystems also give rise to a thickness dependence of thermal conductivities.

Magnon-phonon thermalization time can be measured directly by techniques such pulsed

electron spin resonance experiments [1] and, more indirectly, by neutron scattering [2]. Also one

can try to measure the thickness dependence of thermal conductivity, which demands much less

cost. However, conventional steady state conductivity measurements have difficulties measuring

thin samples due to technical hindrances. A dynamical way to measure the bulk thermal

conductivity on thin sample is the flash method [3].

In flash method measurement, a short laser pulse was applied to one side of a rod-like

sample, and the temperature change versus time of the other side of the sample is measured.

The resulting transient curve enables one to extract thermal conductivities. In this project, we

use one particular version of this method, the fluorescent flash method, where the temperature

detector is a thin layer of fluorescent material deposited onto the measured surface.
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In previous works, we found that the dynamically measured thermal conductivities of spin

chain compounds are 2 times smaller compared to steady state measurements. We came up with

a model where broken spin chains inside a sample with reduce the dynamic thermal conductivity,

but have no effect on steady state conductivity. To make sure that these dynamic measurements

are truly reliable, a test magnetic material was chosen to benchmark the method. We selected

manganese fluoride, MnF2, because it’s a very well studied 3D antiferromagnetic compound and

has a very long magnon-phonon thermalization time.

Another purpose of this project is to measure the magnon-phonon thermalization time

constant for single crystalline MnF2 and compare our results with literature values. To get

there, we need to measure the thermal conductivities of samples of different thicknesses.

The outlines of this thesis is as follows.

• Chapter 2, theory of heat conduction is reviewed.

• Chapter 3, principles of the measurement method is introduced and key facts concerning

our experiments are outlined.

• Chapter 4, results of measurement on MnF2 is displayed and discussed. Conclusions of

current situation and outlooks of further studies are suggested.
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Chapter 2

Theoretical considerations

2.1 Heat conduction equation

Heat transport is the evolution of temperature distribution over time in certain material, result-

ing from the random thermal motion, or diffusion, of particles which carry the thermal energy.

The diffusion of thermal energy inside a material is governed by the heat equation.

The temperature of a system is defined proportional to the average kinetic energy of the

particles in the system, e.g. phonons in a solid. For most cases, the smallest size of a system

whose temperature can be well-defined is macroscopically speaking infinitesimal. Thus one can

treat the temperature distribution inside a piece of solid as a continuous function of position r

and time t, T = T (r, t).

It is assumed that at a given time and position, the heat flux density f(r, t) which is the

amount of energy flowing through unit area around the point r in unit time f = dQ
dt , is propor-

tional to the local temperature gradient ∇T ,

f(r, t) = −κ∇T (r, t) , (2.1)

where κ is defined as the thermal conductivity. This is called the law of heat conduction,

also known as the Fourier’s law. Fourier’s law is originally an empirical law derived from

measurements, and also can be derived from linear response theory [4]. Similar equations can

be written down for other diffusion processes, e.g. Fick’s law of diffusion for particle diffusion.

In general, conductivity is a tensor, κ = (κij), where i, j = x, y, z. One can diagonalize the

matrix by choosing coordinate axes as the crystal axes of the material. For a uniaxial crystal
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the thermal conductivity takes the form

κ =


κ⊥

κ⊥

κ∥

 , (2.2)

where κ⊥ and κ∥ are the conductivities perpendicular and parallel to the crystal axis (usually

c direction) respectively. For arbitrary crystal orientation with respect to the reference frame,

transformation of thermal conductivity tensor is straightforward, κ′ = RTκR, where R is the

rotation matrix from crystal axes to coordinate axes [5]. This property is similar to the dielectric

constant tensor of a uniaxial birefringent crystal.

Since thermal conductivity is a local property, it’s a function of position as well as tem-

perature, κ = κ(r, T ). When one is considering a homogeneous material, thermal conductivity

tensor is instead independent of position κ = κ(T ). For the simplest case, i.e. in a homogeneous

and isotropic medium, thermal conductivity is a scalar function of temperature only κ = κ(T ).

Based on Fourier’s law, one can derive heat equation from energy conservation. The energy

flow into a unit volume in unit time is given by minus divergence of the heat flux, dE =

−∇ · ∇f dV dt, causing the temperature change dT in such volume if no heat is produced in

such volume. This gives

C dV dT = −∇ · ∇f dV dt ,

where ρ is the mass density and C the heat capacity per unit volume. Using Fourier’s law (2.1)

one can then get the heat equation,

C
∂T

∂t
−∇ · (κ∇T ) = 0 . (2.3)

For a one dimensional heat conduction problem, e.g. an homogeneous rod-like sample where

heat diffusion happens along the axis while within the cross section temperature does not vary,

if one consider very small temperature change or treating κ as a constant, equation 2.3 becomes

C
∂T

∂t
− κ

∂2T

∂x2
= 0 . (2.4)

κ here then represents the thermal conductivity of the material along the heat transport di-

rection. For isotropic materials, this value is the same with different direction, while in some

materials, thermal conductivities can be greatly different for different heat transport directions.

This also enlightens people to investigate thermal rectifiers where one can have large conduc-

tivity while in another direction it’s almost thermally insulating. For crystals with conductivity

tensor in the form of equation 2.2, thermal conductivity along an arbitrary direction is given by

κθ = sin2θ κ⊥ + cos2θ κ∥ , (2.5)
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where θ is the angle between heat transport direction and c axis of the crystal [5]. For example,

for heat transport in the (101) direction (45◦ from c and from a axes), thermal conductivity is

κ45◦ = 1
2(κ⊥ + κ∥). Using equation 2.5 one can in principle determine the orientation of crystal

axes by measuring thermal conductivities along two different directions, given the values κ⊥ and

κ∥. Of course thermal conductivity measurements are in general not very accurate compared

to e.g. birefringence measurements.

2.2 One dimensional heat flow problem

For one dimensional heat transport in a slab or rod like solid with two parallel faces between

x = 0 and x = L, one can rewrite equation 2.4 as the following

∂T

∂t
− α

∂2T

∂x2
= 0 , (2.6)

where

α =
κ

C
(2.7)

is called thermal diffusivity or heat diffusion constant. Heat diffusivity is the only parameter in

heat diffusion equation, just like diffusion constant for particle diffusion problems. Analytical

solutions to equation 2.6 have been worked out under several different boundary conditions,

with diffusivity α taken as a constant.

2.2.1 Steady state solution

For steady state temperature distribution, temperature at each position doesn’t vary with time,

∂T/∂t = 0, thus
∂2T

∂x2
= 0 .

The solution is a linear function

T (x) =
TL − T0

L
x+ T0 ,

where TL = T (x = L) and T0 = T (x = 0) are boundary temperatures. For insulating boundary

conditions, which means the temperature gradients at both ends are zero, ∂T/∂x|x=0,L = 0,

this leads to the obvious solution T (x) =constant. For the boundary condition where two ends

kept at different constant temperatures, the temperature distribution is a line connecting two

end point temperatures. In this case the heat flux at each point is given by

f = −κ
∂T

∂x
= κ

T0 − TL

L
= constant .
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This shows a static state way to measure thermal conductivity, namely keeping one end of the

sample contact with a heat sink with temperature, while heating the other end with constant

heat flux f (e.g. constant heating power), then measuring the temperature drop ∆T over a

distant ∆L of the sample. Then one can extract thermal conductivity by

κstatic = f

∣∣∣∣∆L

∆T

∣∣∣∣ . (2.8)

For such kinds of measurements, the stability of the input power would be crucial. Also it would

be difficult to measure very small samples, since non-interfering temperature measurement

within small spatial distance is not easy to achieve.

2.2.2 Dynamical situation

Generally one has to solve the heat equation 2.6 under different boundary conditions and initial

temperature distribution. Notice that the eigenfunctions for such heat diffusion equation are in

the form

Tλ(x, t) = (Aλ sinλx+Bλ cosλx) exp(−λ2αt) .

where λ is the corresponding eigenvalue, Aλ and Bλ are constants. One can use such eigenfunc-

tions as bases to construct solutions for different situations.

For thermally insulating boundary condition ∂T/∂x|x=0,L = 0 and initial temperature dis-

tribution as T (x, 0) = u(x), the solution is given by [6]

T (x, t) =
1

L

∫ L

0
u(x′) dx′ +

2

L

∞∑
n=1

exp

(
−n2π2αt

L2

)
cos

nπx

L

∫ L

0
u(x′) cos

nπx′

L
dx′ (2.9)

When a laser pulse with energy density Q (in J/m2) is heating up the front surface x = 0

of a slab shaped sample with uniform base temperature T0, we can approximate the initial

temperature profile with a step function showing one thin layer with thickness g near the front

side uniformly heated,

T (x, 0) ≃

{
Q
Cg + T0, for 0 < x < g ,

T0, for g < x < L .

For convenience, from now on we set T0 as the zero temperature. Substituting such initial

condition into the general solution 2.9, one gets

T (x, t) =
Q

CL

[
1 + 2

∞∑
n=1

cos
nπx

L

sin(nπg/L)

nπg/L
exp

(
−n2π2α

L2
t

)]
. (2.10)

In the summation, usually including a few terms is enough to depict the true solution. By also

considering the penetration depth g is usually very small compared sample thickness L, one can
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write sin(nπg/L) ≃ nπg/L, thus the parameter g vanishes in the expression, which in turn also

supports that the solution does not depend strongly on this parameter. For the rare surface

x = L, using such approximation, the temperature over time is given by

T (L, t) =
Q

CL

[
1 + 2

∞∑
n=1

(−1)n exp

(
−n2π2α

L2
t

)]
. (2.11)

This is called Parker’s formula [3]. A plot of this function is shown in Figure 2.1. When such
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Figure 2.1: Parker’s formula, showing normalized temperature against normalized time.

a curve is produced in experiments, e.g. in laser flash method measurements, one can extract

thermal diffusivity as well as heat capacity from the curve. Notice that the temperature rise

due to input laser pulse, ∆Tmax = Q/(CL), thus heat capacity is given by

C =
Q

L∆Tmax
. (2.12)

For thermal diffusivity, one simple way is to determine the “half time” t 1
2
when the temperature

rise ∆T reaches 50% of the maximum. The half time is calculated to be αt 1
2
/L2 ≃ 0.139, so

thermal diffusivity is given by

α = 0.139L2
/
t 1
2
. (2.13)

2.3 Two temperature model

In magnetic insulators, heat is transport is done by phonons as well as magnons. The coupling

between phonon and magnon subsystems can be described by a two temperature model. In this
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model, phonon and magnon subsystems have different temperatures, Tl for phonons (lattice)

and Tm for magnons (spins).

We follow the derivation from Sanders and Walton 1976 paper [7]. In a thermally isolated

system, the magnon temperature should eventually come to equilibrium with phonon temper-

ature characterized by a time constant known as magnon-phonon thermal relaxation time τmp.

τmp can be defined using the following equation

d

dt
∆T = −∆T

τmp
, (2.14)

where ∆T = Tl − Tm is the temperature difference between phonon and magnon subsystems.

Using energy conservation, one can get

dTl

dt
=

Cm

Cl + Cm

Tm − Tl

τmp
, (2.15a)

dTm

dt
=

Cl

Cl + Cm

Tl − Tm

τmp
, (2.15b)

where Cl and Cm are the specific heats (heat capacity per unit volume) of phonon and magnon

subsystems respectively.

To derive the heat diffusion equation for phonon and magnon subsystems in a one dimen-

sional problem, one can combine equation 2.15 and 2.6, resulting

∂Tl

∂t
= αl

∂2Tl

∂x2
− gl(Tl − Tm) , (2.16a)

∂Tm

∂t
= αm

∂2Tm

∂x2
+ gm(Tl − Tm) , (2.16b)

where

gl =
Cm

Cl + Cm

1

τmp
, gm =

Cl

Cl + Cm

1

τmp

are the coupling constants.

2.3.1 Steady state solution

The steady state temperature distributions Tl(x) and Tm(x), since ∂T/∂t = 0, equations 2.16

can be written as

κl
d2Tl

dx2
− g(Tl − Tm) = 0 , (2.17a)

κm
d2Tm

dx2
+ g(Tl − Tm) = 0 , (2.17b)

where coupling constant g is given by

g =
CmCl

Cl + Cm

1

τmp
.
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If one introduces the boundary conditions as constant heat flux Q propagating through the

sample x ∈ [−L/2, L/2], then the following is true:

Q = −κl
dTl(x)

dx
− κm

dTm(x)

dx
.

This means

κlTl(x) + κmTm(x) = −Qx+ contant .

If one consider the center point x = 0, phonon and magnon temperature should both be the

average temperature of the sample due to symmetry consideration,

Tl(0) = Tm(0) = T0 .

Then

κlTl(x) + κmTm(x) = −Qx+ (κl + κm)T0 . (2.18)

Another important part of the boundary conditions is the thermal insulating conditions at both

ends,
dTm

dx

∣∣∣∣
x=±L/2

= 0 . (2.19)

Thus the magnon temperature can be solved by combining equations 2.17, 2.18 and 2.19, giving

Tl(x) = T0 −
Q

κl + κm

(
x+

κm
κl

sinhAx

A cosh 1
2AL

)
, (2.20a)

Tm(x) = T0 −
Q

κl + κm

(
x− sinhAx

A cosh 1
2AL

)
, (2.20b)

where

A =

(
ClCm

Cl + Cm

κl + κm
κmκl

1

τmp

)1/2

. (2.21)

For perfectly coupled magnons and phonons, the relaxation time is zero τmp → 0, then A → ∞.

In this case magnon and phonon subsystems have the the same temperature distribution

Tl(x), Tm(x) → T0 −
Q

κl + κm
x .

While in the other limit, i.e. magnons and phonons are completely decoupled, τmp → ∞, then

A → 0, then the temperature distributions are

Tl(x) → T0 −
Q

κl
x , and Tm(x) → T0 .

In this case the magnon system is not thermally excited and no temperature gradient over the

sample. Thus heat is only carried by phonons no matter how large the intrinsic magnon thermal

conductivity is.
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Figure 2.2: Typical solutions for magnon temperature Tm(x) (in blue) and phonon temperature

Tl(x) (in red) using parameters AL = 5 and κm/κl = 1. Two limiting cases, where τmp → 0 or ∞,

are plot in dashed lines.

A plot for typical solutions of Tl(x) and Tm(x) is depicted in figure 2.2.

For thermal conductivity measurements, usually only phonon temperature is available by for

example thermal couples or infrared temperature sensor, so one obtains a temperature difference

at two ends as

∆Teff = ∆Tl = Tl(L/2)− Tl(−L/2) .

Thus the effective thermal conductivity from measurements is given by

κeff, static = − QL

∆Teff
= (κl + κm)

/(
1 +

κm
κl

tanh 1
2AL

1
2AL

)
. (2.22)

As we can see from this expression, if magnon-phonon thermalization time is very short, A →
∞ so κeff → κl + κm, the measured thermal conductivity equals to the sum of magnon and

phonon conductivities. While in the other limit where relaxation time is very long, A → 0 so

κeff → κl, the measured thermal conductivity is just that of phonons. One can also draw from

this expression that the measured thermal conductivity of a particular material depends on the

thickness of the sample. A plot of expression 2.22 as a function of parameter AL is show in

figure 2.3.

2.3.2 Dynamic situation

For dynamic solution of heat conduction problem in the two-temperature model, the measured

or effective thermal conductivity is given by a similar expression,

κeff, dynamic = (κl + κm)

/(
1 +

κm
κl

tanh
(
1
2AL

)2(
1
2AL

)2
)

. (2.23)
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The relation between this dynamic effective conductivity is similar to static case. A curve

showing the thickness dependence is also plotted in figure 2.3. Notably different from static

results is that dynamic effective conductivity approaches to a plateau value at smaller thickness.

κeff,staticκeff,dynamic

κl

κl + κm

10−1 100 101 102 103

κeff vs. thickness

parameter AL

Figure 2.3: Effective thermal conductivity κeff calculated from two-temperature model as a func-

tion of parameter AL for both static situation (red) and dynamic situation (blue). In both cases,

for short relaxation time or large thickness, κeff approaches the sum of magnon and phonon thermal

conductivities κl + κm; for long relaxation time or small thickness, κeff approaches κl. Compared

to static effective conductivity, the dynamic one increases faster as thickness increases, and reaches

the plateau at nearly an order of magnitude smaller thickness.

2.4 Hypothesis for observed anomaly

Two temperature model successfully formulates a thickness dependence of measured thermal

conductivity, but it can not explain the anomaly observed in dynamic thermal conductivity

measurement spin ladder compound Ca9La5Cu24O41 where the plateau value is only rough half

the steady state measurement result.

The anomaly in dynamic measurements can be explained qualitatively by a “broken chain”

model [8]. In these spin chain and spin ladder samples, there are for sure impurities, meaning

broken chains and ladders along c direction. At these broken spots, magnons from two sides are

separated, thus no direct heat exchange between the two parts. The thermal contact between

these two parts is the phonons. If magnon-phonon coupling is fast, the phonons in between

two magnon parts act as a good thermal contact; while if magnons and phonons are coupled

weakly, the two magnon parts are thermally isolated. So if the material has a long magnon

phonon thermalization time, the macroscopic dynamic conductivity will be limited by the broken

chains, resulting in much smaller conductivity. These broken links do not affect the steady state

conductivity because there magnons and phonons are already in their equilibrium, thus no fast

coupling between the two carriers is required.
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Chapter 3

Materials and Methods

3.1 MnF2

3.1.1 Basic properties

Figure 3.1: Unit cell structure of MnF2. Magenta spheres represent Mn2+ ions sitting at corners

and body center, green spheres F−.

Manganese fluoride is a 3-dimensional antiferromagnetic salt, the critical temperature of

its paramagnetic-antiferromagnetic transition is TN =67.3K [9] but no structural change [10].

Its unit cell, illustrated in figure 3.1, is a tetragonal rutile structure which belongs to space

group P42/mnm (D14
4h). The lattice constants at room temperature are a = b = 4.87 Å,

c = 3.31 Å, and the structural parameter u = 0.310 [11]. The room temperature mass density

is ρ = 3.93 g · cm−3 [10].
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Mn2+ ion has electron configuration 3d5 and in a high spin state with spin S = 5/2. Two

next nearest neighboring manganese ions (a center one and a corner one) have antiferromagnetic

superexchange interaction with each other through a nearest neighboring fluoride ion. Below

Néel temperature in the antiferromagnet phase, nearest neighboring Mn2+ ions have oppositely

aligned spins, with the preferred alignment in ±c direction [12].

It’s a birefringent crystal with refractive index difference ∆n = 0.029 for 632 nm light, and

this birefringence is temperature and magnetic field dependent [13, 14]. Raman spectra of

phonons as well as magnons (low temperature) can be found in references [15, 16].

3.1.2 Thermal properties

The heat capacity of MnF2 at different temperatures is given in reference [9], and re-plot in

figure 3.2a. As shown in the figure, there is a peak around with the phase transition temperature

67.3K, in addition to a monotonically increasing baseline. The peak is assigned to magnon heat

capacity, while the baseline corresponds to phonon heat capacity [9, 17]. The result is that only

near and below transition temperature, magnon heat capacity is comparable to that of phonon,

at temperatures far away from TN, contribution of magnons can be neglected, as shown in figure

3.2b.
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(a) total heat capacity
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(b) extracted phonon and magnon heat capacities

Figure 3.2: Heat capacity of MnF2, taken from [9]. Néel temperature TN is indicated by an arrow.

Note that below transition temperature, magnon heat capacity is roughly the same compared to

phonon’s.

Thermal conductivity of MnF2 is given in reference [18], and re-plot in figure 3.3. As shown

in the figure, the conductivities increases almost exponentially when temperature decreases from

room temperature, and reaches the maxima around 15K and then decreases rapidly towards

0 when approaching 0 temperature. We can see an isotropy between conductivity along c

direction, κ∥ and that perpendicular to c, κ⊥. κ∥ is always slightly larger than κ⊥. The ratio
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between the two ranges from 1.4 at room temperature to about 1.5 at near 100K, and to almost

unity near zero temperature. To obtain heat conductivity along arbitrary direction, one can

calculate equation 2.5.

thermal conductivity
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Figure 3.3: Thermal conductivities along (blue) or perpendicular to (red) c direction, of MnF2,

taken from [18]. Note that in this static measurement, very little or no magnon contribution was

observed.

For magnetic contribution to total thermal conductivity, almost no magnon conductivity was

present in such statically measured results even near TN where magnon fluctuation is critical.

This absence was attributed to a very long magnon-phonon relaxation time τmp in MnF2 [7].

With heat capacity and thermal conductivity data, we can calculate the directly measured

variable, thermal diffusivity α using α = κ/(ρC). The result is depicted in figure 3.4.
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Figure 3.4: Thermal diffusivity of MnF2 along (blue) or perpendicular to (red) c direction, cal-

cualted from measured thermal conductivity and heat capapcity.
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3.2 Fluorescent flash method

We use fluorescent flash method (FFM) to measure the thermal diffusivity and heat capacity of

the sample. Like traditional flash method, a short laser pulse is impinged upon one side of the

sample, and the temperature transient of the other side is recorded by a temperature sensor. In

FFM, the temperature sensor we chose is a thin layer of polymer containing certain rare earth

chelate compounds which show temperature dependent photoluminescence.

3.2.1 Flash method to measure thermal diffusivity

Laser flash techniques was developed by Parker et al [3] to measure the thermal diffusivity. A

thermally isolated small slab-shaped sample is heated up by a short pulse of laser homogeneously

on the front side, heating up electrons in a thin layer, the absorption depth. Then heat is quickly

transfered to phonons through electron-phonon interactions. As the hot phonons diffuse around

the sample, the back side gradually get heated up also, where temperature vs. time is recorded,

as illustrated in figure 3.5. After obtaining the curve ∆T (t), we calculated thermal diffusivity of

laser pulse
sample

a thin layer absorbs energy

back side T (t) detected

Figure 3.5: Illustration of laser flash method to measure thermal diffusivity.

the sample by fitting ∆T (t) to Parker’s formula 2.11 or calculating from the half time t 1
2
2.13.

Usually a µs duration laser pulse is short enough to heat up a thin layer instantaneously

while temperature transient curve usually have a half time in millisecond scale for millimeter

thick samples. For better absorption of laser pulse energy, a graphite thin layer is often applied

on the front side of the sample. The back side temperature can be detected either using an

infrared temperature sensor, a thermal couple, or more favorably a thin layer of temperature

sensitive fluorophores.

The advantages of such laser flash technique include the ability to measure small samples and

relative short measurement time. Causes of system error of such technique may include: inho-

mogeneous laser pulse, bad thermal contact of graphite with sample, heat loss to environment.

For an overview, see references [19] and [20].
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3.2.2 Detecting temperature using fluorophores

In this work, we apply on the back side of the sample a thin layer of polymer containing

rare-earth chelate fluorophores EuTTA or EuTFC, whose luminescence is used as temperature

sensor.

Europium thenoyltrifluoroacetonate (EuTTA) and europium tris[3-(trifluoro-methylhydroxy-

methylene)-(+)-camphorate] (EuTFC) are organic chelate compound of rare earth metal eu-

ropium (Eu). The structures of the two molecules are shown in figure 3.6. These compounds
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O

O
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Figure 3.6: chemical structures of EuTTA and EuTFC.

are fluorophores absorbing in the UV and emitting around 612 nm. The absorption is due to the

organic part, while the emission corresponds to the transition from 5D0 level to ground state

7F manifold of Eu3+ ion. The temperature dependence of the quantum efficiency can be briefly

explained as following. Upon absorption of UV photons by the organic ligands (TTA or TFC),

the organic part is elevated to a singlet excited state (step 1), following by intersystem crossing

to a triplet state (step 2). The triplet state is a trap for the organic part since the transition

from the triplet excited state to the singlet ground state is dipole forbidden. However, energy

transfer can happen between the triplet state of the organic ligands and Eu+3 ion, exciting the

rare earth ion to a fluorescing excited state 5D0 (step 3). Finally photons are emitted during

the radiative transition from 5D0 to ground state manifold of Eu+3 ion (step 4), among which

the transition 5D0 →7 F2 (∼ 610 nm) is dominant [21]. For these four steps, the efficiency of

step 3 is temperature dependent, because of e.g. non-radiative decay processes, whose rate is

dependent on temperature.

Also quite interesting is that the polymer matrix also plays a role in the temperature de-

pendence of the photoluminescence intensity. It is shown that for EuTTA, using poly(methyl

methacrylate) (PMMA) or perdeutero-poly(methylmethacrylate) (dPMMA) has a factor of 2

difference in temperature sensitivity of the fluorescence [22].

Measured absorption and emission spectra of EuTTA and EuTFC are plot in figure 3.7.

18



From the measurements, we see for both materials a broad absorption peak in the UV, and a
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Figure 3.7: Absorption and emission spectra of EuTTA (left) and EuTFC (right). Samples are

spincoated polymer films on quartz slides, with EuTTA in dPMMA, and EuTFC in PS. Absorption

peaks are broad peaks sitting at 348 nm for EuTTA, and 306 nm for EuTFC; emission peaks are

both very sharp and both at 612 nm.

sharp emission peak at same postions 612 nm. The positions of absorption peaks for EuTTA

(∼348 nm) and EuTFC (∼306 nm) are quite different, which makes perfect sense since two

different organic ligands absorbs differently.

Moreover, the quantum efficiency of these dyes are monotonically dependent on tempera-

ture, resulting in temperature dependent photoluminescence intensity under constant excitation

power.

3.2.3 Fluorescent flash method

In 1982, Kolodner and Tyson developed a method of surface thermal imaging using EuTTA as

a temperature sensor, and observed temperature resolution of 0.01◦C and spatial resolution of

15µm [23]. Since then, this method has been expanded to several other europium or other rare

earth based fluorophores [24] , and to lower temperature down to 4.2K using EuTFC [25].

In our measurements, we deposit a thin layer of fluorophore doped polymer onto the back side

of the sample, and detect the fluorescence intensity as a measure of temperature. The setup is

illustrated in figure 3.8 [26]. Laser pulses with wavelength λ = 1064 nm, duration around ∼ 60µs

and energy ∼ 60mJ is produced by a YAG laser, which can also generate 532 nm laser pulses with

duration of 5 ns using second harmonic generation and a Q switch. Sample is sandwiched by

Teflon plates mounted on top of a cold finger placed in a optical cryostat (Oxford Instruments).

UV excitation source is a UV LED producing 360 nm light using intensity ∼ 20mW/cm2 (1mW

in power) for EuTTA, or for EuTFC a fiber guided 300 nm laser source from the third harmonic

of a Ti:Sapphire laser producing roughly the same intensity as the LED. Fluorescence signal is
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Figure 3.8: Setup of fluorescent flash method measurement. Sample is heated by a YAG laser,

fluorescence of EuTTA or EuTFC layer is detected by a GaAsP photodiode. Measured fluorescence

vs. time curve is converted to temperature vs. time using calibrated intensity of the fluorophore at

different temperatures.

collected, filtered using a 610±10 nm interference filter and detected by a GaAsP photodiode.

Liquid helium needs to be used for temperature below TN .

To convert the measured fluorescence intensity to temperature change, we calibrated our

temperature sensors, EuTTA or EuTFC, by measuring the fluorescence signal at different tem-

peratures. To get convenient conversion, one can define the parameter “sensitivity” β as the

relative change in intensity V (T ) per unit change of temperature,

β :=
∆V

V

/
∆T ≃ ∆lnV

∆T
=

ln Vhot
Vcold

∆T
, (3.1)

where Vhot = V (T +∆T ) and Vcold = V (T ) are the intensities at slightly two different temper-

atures. This means the sensitivity is nothing but the slope of the curve lnV (T ) vs. T . After

obtaining sensitivity from calibration, we convert intensity to temperature rise, one can rewrite

equation 3.1 as

∆T =
1

β
ln

Vhot

Vcold
. (3.2)

An typical calibration curve for EuTTA from 70K to 300K is shown in figure 3.9. As shown in

the figure, the fluorescence intensity increases when temperature is lowered, dropping very fast

from 300 to 200K, and almost saturated below 100K. While sensitivity decreases as temperature

decreases, from roughly 3%·K−1 around room temperature, to ∼0.1%·K−1 at 70K.
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Figure 3.9: Measured calibration curve for a EuTTA/dPMMA layer between 70K and 300K.

Sensitivity is roughly −3% ·K−1 around room temperature, and ∼ −0.1%·K−1 at 70K. Data taken

from [26].

For EuTFC, polystyrene (PS) was used instead of dPMMA due to better performance [26].

Similar sensitivity behavior for EuTFC/PS was observed, however the sensitivity drops more

slowly at low temperatures, yielding typically -0.6∼ -1%·K−1 in temperature range 60K to

120K, much larger than EuTTA in the sample temperature region. Thus we selected EuTTA

for room temperature measurements and EuTFC for low temperature.

3.2.4 Sample preparation

MnF2 samples are kept in a desiccator to keep away from water. Several pieces of MnF2

samples with same orientation, different thicknesses vary from 0.5mm to 2mm and area around

2×2mm2 were cut using a diamond wire saw and polished to obtain a brick shape.

EuTTA/dPMMA layer was spincoated on one side of the sample using a mixture solution

of 3% (wt) dPMMA, 2% EuTTA in chlorobenzene. For EuTFC/PS, same weight ratio was

used. A spinning speed of 400 rpm results in a polymer layer of ∼1µm thick. After the layer

was dried, sample was heated at 125◦C for 30min to solidify the polymer matrix to prevent

delamination at low temperatures. Note that different incubation temperature and time might

cause differences in sensitivities of the resulting polymer/fluorophore layer [25].

After heating, remnant fluorophore and polymer was removed carefully with acetone, prefer-

ably carried out under a microscope. On the front side of the sample, a thin layer of graphite

was applied using a carbon spray. Finally the sample was mounted onto a cold finger by ap-

plying some sticky tape between sample edge and substrate. The substrate was made of Telfon

covered copper plate for thermal isolation consideration. Sample holder was properly blocked

to prevent laser light going through and reaching the detector.
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Chapter 4

Results, Discussion and Conclusion

We used fluorescent flash method to measure the thermal conductivity of MnF2 single crystal

samples with different thicknesses, at room temperature and below Néel temperature. At each

temperature, 30 curves were averaged to improve the signal-to-noise ratio.

4.1 Room temperature measurement

A typical temperature transient curve was plotted in figure 4.1. Experiment conditions of this

data is: T = 300K, thickness L =1.028mm, averaging from 30 single curves. As we can see
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Figure 4.1: Typical measurement showing temperature rise ∆T (t) = T (t) − T (tmin) in K versus

time in seconds. Blue colored is the raw data, red curve is Fourier filtered of blue, and the green

curve is the fit of blue using 2.11. The RMS (root-mean-square) noise level of the measured curve is

∆Tnoise = 0.06K, signal (temperature rise) is ∆T ≃ 0.4K, resulting a signal-to-noise ration about

7.

from the figure, the back side temperature stays constant before t = 0 when a laser pulse hits

22



the front side of the sample. After time 0, back side temperature gradually increases and reach

a plateau value corresponding to equilibrium temperature. Although in the raw data a high

frequency noise is significant, the curve shows quite clear the typical behavior of a temperature

transient curve 2.1. This is seen in the filtered curve. A fit curve produced by fitting the raw

data (or filtered data) to theoretical curve 2.11 confirms that measured curve coincides with

theoretical solution quite well.

Thermal diffusivity of this measurement can be obtained from fitting, giving αmeasure(300K)=

3.38±0.04mm2/s. The error bar is estimated from fitting the raw data as well as the filtered

curve, using different time intervals. The fit result is comparable from the one calculated from

literature value αliterature(300K) = 3.6± 0.2mm2/s. Uncertainty of the calculated values origi-

nates from the uncertainty of angle between c and heat flow direction (∼ ±5◦) due to imperfect

cutting, as well as from digitization of data from literature (∼ ±3%).

We have 4 different samples with the same orientation, thickness of each is listed in table

4.1. Room temperature results for 4 thicknesses are shown in figure 4.2.

Table 4.1: Thicknesses of 4 samples cut in parallel from the same piece.

sample No. thickness (mm) area size (mm2)

1 0.532±0.002 2.6× 2.2

2 1.028±0.002 2.6× 2.1

3 1.255±0.002 2.6× 1.6

4 1.965±0.002 2.6× 2.1

As can be seen from the figure, the 4 temperature transient curves for 4 different thickness

samples seems to be shifted horizontally from each other. We can do such a shift operation by

normalizing horizontal axis by dividing the thickness squared of each sample t → t/L2, noting

that dividing a constant in normal scale is equivalent to subtracting a constant in logarithm

scale. The 4 curves after normalizing is shown in figure 4.2b.

Now 4 curves almost coincide with each other. Considering that T (t/L2) curve only depends

thermal diffusivity α (as can be seen from 2.13), this means diffusivities of these 4 samples are

the roughly the same. To confirm this, we fit 4 measured curves with Parker’s formula 2.11

and obtained α for each sample, listed in table 4.2 and plotted in figure 4.3. To conclude

our room temperature measurement results, for 4 different thicknesses we obtain roughly the

same thermal diffusivity, independent on thickness of the sample. Also the measured values

show no discrepancy with the predicted value αliterature(65K) = 3.6 ± 0.2mm2/s calculated

from literature.
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Figure 4.2: Temperature transient curves (100Hz filtered) for 4 different thicknesses, measured at

room temperature (300K). Sample thickness corresponding to each curve is listed in the legends.

y axes represent normalized temperature rise ∆T (t)/∆T (tmax), while x axis in (a) shows time in

seconds in logarithm scale, (b) shows time divided by thickness squared t/L2.

Table 4.2: Measured thermal diffusivity of MnF2 for 4 thicknesses, and maximum temperature

rise ∆T (tmax) of each measurement.

thickness (mm) diffusivity (mm2/s) ∆T (tmax) (K)

0.53 3.37±0.04 1.3

1.03 3.38±0.04 0.4

1.26 3.35±0.04 0.5

1.97 3.44±0.08 0.3
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Figure 4.3: 300K measured diffusivity of MnF2 samples of thickness 0.53, 1.03, 1.26, 1.97 mm.

Blue squares show the measured values, while the 2 dashed lines represent calculated value range.

4.2 Low temperature measurements

At T = 65K, just below Néel temperature, 3 samples, namely #1, #2 and #4 in table 4.1,

were measured. An example of measured curve is shown in figure 4.4. Compared with room

temperature measurements, measurements at 65K has noise 3∼4 times larger. This is mainly

due to less temperature sensitivity of the fluorophore and reduced overall fluorescence intensity

due to usually less excitation power.

The ∆T (t) curves for three different thicknesses are shown in figure 4.5 . We see from the

figure 4.5b that the 3 curves for different thicknesses differ from each other, since they are not

likely superpositions to each other. The values of the 3 thermal diffusivities is listed in table

4.3, and plotted in figure 4.6.

Table 4.3: Measured thermal diffusivities of 3 thicknesses at temperature T = 65K.

thickness (mm) diffusivity (mm2/s) ∆T (tmax) (K)

0.53 5.5±0.4 0.6

1.03 6.8±0.4 1.0

1.97 18±2 0.4

The results show an evident thickness dependence of measured thermal diffusivity, i.e. for

thicker sample α was larger, about 4 times difference for 0.53mm and 1.97mm samples. Also
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Figure 4.4: One example T (t) curve measured at 65K for 1.03mm sample. Blue is raw data,

averaging from 30 shots, green is 500Hz filtered, red the fit. Noise level of the measured curve is

∆Tnoise = 0.28K, signal (temperature rise) is ∆T ≃ 0.6K, signal-to-noise ratio about 2.

1.97 mm

1.03 mm

0.53 mm

0.001 0.005 0.010 0.050 0.100

0.0

0.2

0.4

0.6

0.8

1.0

time � s

no
rm

al
iz

ed
te

m
pe

ra
tu

re
ri

se

65K thermal diffusivity of MnF2

(a) ∆T (t) vs. t

1.97 mm

1.03 mm

0.53 mm

0.001 0.005 0.010 0.050 0.100 0.500 1.000

0.0

0.2

0.4

0.6

0.8

1.0

time � thickness2 Hs�mm2L

no
rm

al
iz

ed
te

m
pe

ra
tu

re
ri

se

65K thermal diffusivity of MnF2

(b) ∆T (t) vs. t

Figure 4.5: ∆T (t) curves measured for 3 different thickness samples at temperature T = 65K.

Sample thickness corresponding to each curve is listed in the legends. y axes represent normalized

temperature rise ∆T (t)/∆T (tmax), while x axis in (a) shows time in seconds in logarithm scale, (b)

shows time divided by thickness squared t/L2.
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Figure 4.6: 65K measured diffusivity of MnF2 samples of thickness 0.53, 1.03, 1.97 mm. Blue

squares show the measured values, while the 2 dashed lines represent calculated value range.

interesting is that even for the thickest sample in this series (1.97mm sample), αmeasure (≃
18mm2/s) is still roughly 2 times smaller than predicted value αliterature(65K) = 41± 2mm2/s

which is a steady state value from static measurements.

Compared to room temperature measurements, low temperature measurements suffer a

bigger error. For room temperature, temperature sensitivity of the fluorophore EuTTA is

much higher (3∼4%), thus better signal-to-noise ratio and smaller error. Low temperature

measurements, temperature sensitivity of EuTFC is less than 1% and more difficult to excite

(wavelength ∼300 nm), resulting measurement errors is 5 ∼ 10 times bigger. To improve the

signal-to-noise ratio for low temperature measurement, one needs to optimize the sensitivity of

the fluorophore by exploring different preparation conditions, using different polymer matrices

or different dyes. One can also increase the excitation (UV) power however this will in the

meantime increase the photobleaching of the fluorophore, resulting in a non-constant baseline.

4.3 Discussion and conclusion

At room temperature where magnons do not contribute to heat transport, FFM measured ther-

mal diffusivity (thus thermal conductivity) shows no thickness dependence and good agreement

to steady state value; at 65K which is below Néel temperature where magnons should be im-

portant in heat transport, the measured thermal diffusivity for 3 thicknesses exhibits an strong

thickness dependence and a possibly significant deviation from steady state value. Although

one needs more data for even thicker samples, it’s highly possible that even for largest thickness

limit the measured diffusivity would still be much smaller than static value.
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The thickness dependence as well the anomaly at low temperature is a strong indication

of long magnon-phonon thermalization time τmp as shown by previously experiments on spin

ladder compound Ca9La5Cu24O41 [8], where τmp ∼ 400µs. Similar to the case of spin ladders,

we might attribute the discrepancy in thermal diffusivity of MnF2 to the broken points in the

magnetic structures, for instance magnetic impurities or domain walls between domains.

We can also try to estimate τmp by fitting the 65K results for 3 thicknesses using 2.23.The

result is depicted in figure 4.7with fitting parameters of each curve listed in table 4.4. Unfortu-

nately using experimental data for Cl, Cm and κl as fixed values and varying only κm and τmp

does not produce a good fit, as shown as dashed curve in the figure. So we have to change Cm,

κm and/or κl also to obtain better fits, as shown by blue, green and brown curves.
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Figure 4.7: Fitting (blue, green and brown curves) of thermal diffusivity vs. thickness of the

measurement result. Parameters corresponding to each curve is listed in table.

Table 4.4: Fitting parameters for each curve shown in figure 4.7

curve Cm/Cl κl(W ·m−1 ·K−1) κm(W ·m−1 ·K−1) τmp (s)

predicted ∼ 1 70 10 N.A.

1 1/100 5 30 4×10−4

2 1/100 3 18 3.5×10−4

3 1 10 25 0.01

As seen from the figure, in order to have a good fit, thermal conductivity of magnons needs

to be larger than that of phonons. This suggests a much smaller phonon thermal conductivity

compared with previous measurements. Also suggested from the fits (blue and green curves) is

that in order to have a magnon-phonon thermalization time in the order of 10−4 s, the thermal
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capacity of magnon needs to be roughly 100 times smaller than phonon, which also contradicts

with previous static measurements. This might be true if only part of the whole population

of magnons is contributing to heat transport. If one insists a comparable heat capacity from

magnons, instead, the thermalization time τmp is around 0.01 s, roughly 2 orders of magnitude

too large compared to literature value. In total, this effort of trying to fit the data indicates

that there’s still something happening there beyond our present understanding.

In order to make to show more clearly the dependence on thickness at low temperature,

as well as to make a more accurate estimation of τmp, more measurements need to be done,

especially on thicker samples. To achieve that, one needs to minimized the uncertainty in the

measurements for very thick samples (better thermal isolation needed) as well for very thin

samples (better homogeneity of laser beam needed, since effect of inhomogeneous laser heat has

been seen in the overshooting of thin sample curve).

In conclusion, thermal diffusivity of MnF2 with different thicknesses ranging from ∼0.5mm

to ∼2mm have been measured at both 300K and 65K. While at room temperature, the results

show no thickness dependence and similar value compared to static measurement; at 65K

thermal diffusivity shows a strong thickness dependence (4 times difference between 0.5mm

and 2mm samples) as well as an indication of deviation from steady state value. In the future,

more measurements with thicker samples needed to be done in order to grasp more details on

thickness dependence and discover the possible deviation from static value, as well as a better

estimation of the magnon-phonon relaxation time in MnF2.
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