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Temperature dependence of Raman scattering and anharmonicity study of MgF2

A. Perakis, E. Sarantopoulou, Y. S. Raptis, and C. Raptis
Physics Department, National Technical University of Athens, GR-157 80, Athens, Greece

~Received 2 July 1998!

The temperature dependence of Raman spectra of MgF2 has been studied in the range 12–1100 K. Detailed
consideration of theB1g phonon indicates that the~characteristic for the rutile-type crystals! anomalous soft-
ening with decreasing temperature is not associated with an incipient structural phase transition but with lattice
contraction which alters the force constants. Combining the temperature data of this work and uniaxial stress
Raman data@Pascualet al., Phys. Rev. B24, 2101~1981!#, an anharmonicity analysis has been carried out in
which the contributions of the volume thermal expansion and the pure temperature effects to the total observed
frequency shifts have been determined and compared. These contributions are of the same sign~negative! for
theA1g andEg phonons, but of opposite sign for theB1g phonon, with the volume effect being dominant in all
cases in the range 200–1100 K, thus confirming the anticipated ionic character of the MgF2 bonds. An accurate
expression valid for uniaxial tetragonal crystals was formulated and used for the calculation of the volume
contribution and the results were compared to those obtained by the isotropic approximation. In the case of
MgF2 for T.200 K, it was found that the two sets of data differ by only 5–15 %~depending on the phonon!.
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I. INTRODUCTION

It has been known1–9 for a long time that theB1g Raman
active mode of crystals with the tetragonal rutile structu
~space groupD4h

14! exhibits an anomalous temperature a
pressure dependence, that is, it softens either withdecreasing
temperature orincreasing pressure. Such an anomalo
mode softening is usually associated with an incipient str
tural phase transition, as in the case of perovskites.10–12 In
fact, thisB1g mode softening was initially associated1–3 with
an orthorhombic distortion of the rutile structure, but the
has been no unambiguous experimental evidence to dat
dicating that a temperature- or pressure-inducedB1g-related
phase transition occurs.

Pascualet al.8 have measured the Raman spectra of Mg2

under uniaxial stress and concluded that theB1g mode can-
not be related to any orthorhombic distortion because
softening as a function of stress is linear in all stress confi
rations. However, the range of applied stresses in that st8

was limited to a few tenths of a GPa. The prevailing view5,8

is that the B1g mode softening in rutile-type crystals
largely caused by thermal- or pressure-induced lattice c
traction, rather than by any orthorhombic distortion. Acco
ing to Lockwoodet al.,5 this anomalous softening should b
traced to the nature of atomic displacements of theB1g mode
~bond-bending motions of anions around the cation! and the
changes in the force constants produced by contract
Given the small temperature-~and pressure-! induced shifts
in these compounds, it has been concluded5 that the B1g
mode dependence with temperature indicates merely a
tual phase transition.

The opposite transition from orthorhombic to rutile stru
ture has been observed in materials crystallizing in the Ca2

structure~space groupD2h
12!. Such a transition was reporte

in a temperature-dependent x-ray study of CaBr2 by Bar-
nighausenet al.13 and later in Raman studies of CaBr2 and
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CaCl2 by Raptiset al.14 and Unruhet al.15 Finally, Weber
et al.16 have observed an incipient~but incomplete, becaus
of decomposition! transition inb-PtO2 thin films by studying
the temperature dependence of Raman spectra.

The Raman spectra of MgF2 were first measured by Port
et al.17 at room temperature only. Later, Sauvajolet al.18

studied the temperature dependence of theA1g andEg modes
~and their polarizabilities! in MgF2 at low temperatures~5–
280 K!. In recent works, Nishidate and Sato19 and Nishidate
et al.20 investigated experimentally and theoretically t
high-temperature dependence~300–973 K! of the linewidth
and shift of theA1g mode only; they obtained good agre
ment between the two sets of data including contributions
the total effect of cubic~three-phonon processes! and qua-
dratic~four-phonon processes! anharmonic terms of the crys
tal potential energy. Finally, evidence for the anomalous
havior with temperature of theB1g mode in MgF2 was
reported in a brief note9 concerning high-temperature~300–
1100 K! measurements of Raman scattering, but there
not been, to date, a complete study of all Raman modes
both the low- and high-temperature regions.

In this work we have studied in detail the temperatu
dependence of the Raman spectra of MgF2 over a wide range
~12–1100 K!. The main objective is to investigate wheth
the nonlinear softening of theB1g phonon with decreasing
temperature is related to some kind of incipient structu
change or whether it is caused by a dynamical effect. F
thermore, in combination with uniaxial stress data,8 an an-
harmonicity study has been carried out for all Raman mo
of MgF2 ~except for theB2g mode, whose intensity is ex
tremely weak! in order to calculate the contributions of th
pure volume~implicit! and pure temperature~explicit! ef-
fects to the total Raman shifts observed under variable t
perature. An accurate expression giving the volume con
bution to the total shift for a uniaxial tetragonal crystal h
been derived and used in the anharmonicity analysis.
775 ©1999 The American Physical Society
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II. RAMAN ACTIVE PHONONS IN RUTILE CRYSTALS

Magnesium fluoride has tetragonal rutile (D4h
14) structure

with two molecules per unit cell. Four Raman-acti
phonons with A1g , B1g , B2g , andEg symmetries are pre
dicted from group theory considerations for this crystal cla
corresponding to the following polarizability tensors:17

A1g : S a
0
0

0
a
0

0
0
b
D , B1g : S c

0
0

0
2c
0

0
0
0
D ,

B2g : S 0
d
0

d
0
0

0
0
0
D , Eg : S 0

0
e

0
0
e

e
e
0
D .

The B1g mode is associated with in-plane (a-b) bond-
bending motions of anions around the cation.3–5,16

III. EXPERIMENTAL DETAILS

Several single crystals of MgF2 in the shape of smal
cubes~typical dimensions;8 mm! were used, having thei
polished faces perpendicular~within 2°–3°! to the @100#
(5x), @010# (5y), and@001# (5z) axes.

A closed-cycle He cryostat was used for the low-T experi-
ments~12–300 K!, and a vacuum-operated, water-cooled o
tical furnace21 for the high-T ones ~300–1100 K!; for the
latter experiments, the sample was placed inside an op
quality silica cell which was connected via a separ
vacuum line to an argon gas cylinder in order to perform
high-T measurements in an inert-gas atmosphere.
sample temperature was determined to within 1 K at lowT’s
and 3 K athigh T’s. A 90° scattering geometry was used
both sets of experiments.

At first, low-T Raman spectra were obtained using t
z(xx)y scattering configuration giving theA1g andB1g sym-
metry phonons. Then, the analyzer at the entrance of
spectrometer was removed and the polarization of the i
dent beam was adjusted along the diagonal of thex and y
directions, thus resulting in thez(x1y,x1z)y scattering
configuration for which all combinations of polarization b
tween incident and scattered light~xx,xz,yx,yz! were present;
in this way, all the Raman active phononsA1g , B1g , B2g ,
andEg could be observed in one spectrum.

For the high-T measurements, separate scans of
x(yy)z and x(zy)z configurations were made, giving th
A1g1B1g andEg phonons, respectively; theB2g phonon was
not observed forT.300 K.

Excitation of Raman spectra was made mainly with
488 nm Ar1 laser line at a power of;400 mW, but in cer-
tain cases the 496.5 nm Kr1 line was also used. The scattere
light was analyzed by a double monochromator~Spex, 14018
model! at a spectral resolution of;0.7 cm21 at low T’s and
;2 cm21 at highT’s, and detected by a cooled photomul
plier.

IV. RESULTS

Raman spectra of MgF2 at various temperatures ar
shown in Fig. 1 for thez(x1y,x1z)y ~35 and 298 K! and
x(yy)z ~525, 895, and 1100 K! scattering configurations. In
s,

-

al
e
e
e

e
i-

e

e

the low-T spectrum, all the Raman active modes are o
served. The highest-frequencyB2g phonon is only margin-
ally observed at room temperature and practically vanis
above it; because of the unreliable data, we exclude this p
non from any further analysis. The broad spectral featu
observed between 180 and 350 cm21 in the high-T spectrum
are attributed to second-order scattering activated at highT’s
because of its@n(v,T)#2 dependence, wheren(v) is the
Bose-Einstein thermal factor. This combination scattering
strong in the high-temperature spectra of configurations c
responding to diagonal elements of the polarizability tens
but negligible in nondiagonal configurations. Bearing
mind that the second-order scattering is quite intense in
region about 285 cm21, that is, close to the frequency of th

FIG. 2. Temperature dependence of frequencies of theA1g ~up-
per plot! andEg ~lower plot! phonons of MgF2. The solid lines are
least-squares fittings of the experimental points to Eq.~1!. The error
bars are60.2 cm21 and61 K in the vertical and horizontal axes
respectively, forT<300 K and 60.5 cm21 and 63 K for T
.300 K.

FIG. 1. Raman spectrum of MgF2 at various temperatures in th
range 35–1100 K; the two lower spectra correspond to scatte
configuration z(x1y,x1z)y in which all four Raman active
phonons are observed, while the three upper spectra correspo
scattering configurationx(yy)z showing theA1g andB1g phonons.
The inset shows the evolution of the spectrum of theEg phonon
@recorded in thex(zy)z configuration# at high temperatures in a
sequence of increasing temperature~from right to left!: 295, 535,
710, 900, and 1095 K.
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Eg phonon, and in order to have an unobscured observa
of the latter, we obtained separate scans of thex(zy)z at high
temperatures. The inset of Fig. 1 shows theEg phonon spec-
trum of MgF2 at variousT’s between 295 and 1095 K.

The temperature dependences of theA1g andEg phonons
of MgF2 are shown in Fig. 2 and that of theB1g phonon in
Fig. 3. The A1g and Eg phonons display the anticipate
trends withT, namely, they soften smoothly with increasin
T. The phonon frequency versusT results of theA1g andEg
phonons have been best fitted to the following express
which was reported by Balkanskiet al.22 for the anharmonic
decay of the LO Raman mode of Si at high temperature

v~T!5v01AS 11
2

ex21D1BS 11
3

ey21
1

3

~ey21!2D ,

~1!

where the exponentsx5\v0/2kBT and y5\v0/3kBT cor-
respond to terms of three- and four-phonon decay proce
contributing to the frequency shift, respectively. TheB1g
phonon softens with decreasingT down to aT560 K, at
which point the slope of the frequency plot changes abrup
with the phonon becoming almostT-independent below 60
K. We have also fitted the data for theB1g phonon in the
range 60–1100 K to the function of Eq.~1!. However, since
the underlying theory22 for Eq. ~1! refers to anharmonic de
cay of a phonon to other phonons of lower frequencies,
is, it corresponds to normal modes which soften with
creasingT, such a fitting has no physical meaning for theB1g
phonon which hardens with increasingT. A better fitting has
been obtained for this phonon using an exponential func
of the form

v~T!5C~T2Tc!
a. ~2!

This expression is theoretically more appropriate for such
unstable, soft phonon which may be associated with a ph
transition.12

The fitting values for the parametersv0 , A, B, C, a, and
Tc for the A1g , Eg , andB1g phonons are given in Table I
Also in Table I the extrapolated frequenciesv(0)5v01A
1B obtained from Eq.~1! for T50 are given for theA1g and
Eg phonons. Thev~0! value for theB1g phonon has been
assumed equal tov~12! since this phonon is practicall
T-independent below 60 K. Finally, in Table I, the room
on

n,
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-

n
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temperature frequencies are given of all Raman phonon
MgF2 measured in this work, along with those reported ori
nally by Portoet al.17

The temperature dependence of the linewidth@full width
at half maximum ~FWHM!# of the A1g , Eg , and B1g
phonons are shown in Fig. 4 and the data points have b
best fitted to an expression similar to Eq.~1! with contribu-
tions from both three- and four-phonon decay processes

G~T!5G01DS 11
2

ex21D1ES 11
3

ey21
1

3

~ey21!2D .

~3!

In comparison to the two-parameter fitting of Ref. 22 f
the linewidth, the expression of Eq.~3! contains the addi-
tional parameterG0 . The use of a three-parameter fitting ca
be justified physically by means of an underlying broaden
of phonons due to matters other than the anharmonic pho
decay, such as defects and impurities. Much better fitti
have been obtained using three rather than two parame
especially at lowT’s. The linewidths have been correcte
taking into account the broadening caused by the spectr
eter. Again, the fitting values of parametersG0 , D, andE are
given in Table I.

FIG. 3. Temperature dependence of frequency of theB1g pho-
non of MgF2. The solid line represents a least-squares fitting of
experimental points in the range 60–1100 K to Eq.~2!. The error
bars are60.2 cm21 and61 K in the vertical and horizontal axes
respectively, forT<300 K and 60.6 cm21 and 63 K for T
.300 K.
TABLE I. Fitting parameters, critical temperature, and room-temperature frequencies of theA1g , Eg , andB1g Raman modes of MgF2.

v0

~cm21!
A

~cm21!
B

~cm21!
C

(cm21/Ka)
a Tc

~K!
G0

~cm21!
D

~cm21!
E

~cm21!
v~0!

~cm21!
v300 K

~cm21!

A1g 415.0 24.37 20.05 20.15 2.15 0.451 410.5 405.8
60.2 60.13 60.01 60.11 60.16 60.013 60.2 410a

Eg 297.8 21.72 0.05 1.38 0.69 0.126 296.0 292.8
60.2 60.08 60.01 60.11 60.09 60.005 60.2 295a

B1g 89.0 0.32 20.0017 52.5 0.082 609 1.046 0.047 0.0014 88.8 92
60.1 60.01 60.0002 63.1 60.007 692 60.037 60.008 60.0002 60.1 92a

B2g 514.2
515a

aReference 17.
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V. TEMPERATURE DEPENDENCE OF RAMAN SPECTRA
OF MgF2

Both theA1g andEg phonons show a continuous, smoo
softening withT throughout the range of study~Fig. 2!. A
slight discontinuity at;330 K is attributed to different ex
perimental conditions upon switching from cryostat to fu
nace. There is an overall agreement between our data
those of Sauvajolet al.18 regarding the low-temperature de
pendence of these phonons, although in the latter wor
change of slope occurs in the frequency versusT plots at
about 150 K. At high temperatures (T.400 K), the soften-
ing of the A1g and Eg phonons is almost linear, indicatin
that cubic anharmonic terms~three-phonon processes! domi-
nate their frequency shifts.20,22,23This result is in agreemen
with the calculations of frequency shift for theA1g mode by
Nishidateet al.20

The linewidths~FWHM! of the A1g and Eg phonons in-
crease nonlinearly withT, with the degree of nonlinearity
being higher forT.400 K ~Fig. 4!. These results imply tha
both cubic and quartic anharmonic terms contribute to
phonon broadening.19,22,23 The high-T values ofG(A1g) of
this work are larger than those reported by Nishidate
Sato.19 This discrepancy may be due to the intense seco
order scattering in ourzz spectra, which distorts the lin
shape of theA1g band.

Now turning our attention to theB1g mode, we observe
that its softening with decreasingT is nonlinear~Fig. 3! and
this result is in contrast to the linear softening displayed
this mode with increasing pressure. This nonlinear variat
of frequency withT down to 60 K raises the possibility of
structural phase transition in MgF2. It is known12 that a
phase transition associated with a soft mode is character
by exponential dependence of frequency withT, with the
exponent being;1/3 for a first-order transition and;1/2 for
a second-order one. In the present case, the value of
exponenta (50.082) in Eq.~2! seems to be very small for
realistic consideration of the mode softening being a prec
sor of a phase transition. At 60 K, a slope discontinuity
observed in theB1g phonon plot, with the phonon frequenc
appearing to beT-independent below thisT. A similar dis-
continuity was observed for theB1g phonon of FeF2 at 100 K
by Lockwoodet al.,5 who found a (T-Tc)

1/2 dependence o
the phonon shift data above 100 K; by extrapolating th
data to zero frequency, they estimated5 a virtual transition
temperature of21780 K and concluded that theB1g soften-
ing in rutile crystals cannot induce a structural phase tra
tion. Similar extrapolation of our data point fitting for th
B1g phonon according to the function of Eq.~2! results in a
virtual transition temperature of2610690 K. This result, in
combination with the low value of the exponenta, implies
that the possibility of a low-T phase transition in MgF2 is
very remote. Instead, we note that the absence of mode
ening below 60 K~Fig. 3! coincides with very low values
~tending to zero! of the thermal expansion coefficient24 of
MgF2 in this region~see also Sec. VI C!. This coincidence
provides strong evidence that the softening of this mode w
decreasingT or increasing pressure is largely caused by v
ume contraction which alters the force constants correspo
ing to this phonon.

The linewidth of the B1g phonon is, practically,
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T-independent in the range 12–300 K and forT.300 K it
increases at a slow rate. If we consider the ratio (Gh
2G l) /G l , whereGh andG l are the linewidths at the highes
and lowestT of measurement, as a measure of the broad
ing of phonons over the entireT range, then this ratio is 22.3
21.0, and 3.8 for the threeA1g , Eg , andB1g phonons. This
result indicates that theB1g phonon has limited involvemen
in phonon ~anharmonic! couplings and decay. The almo
linear variation of the linewidth of theB1g phonon withT
~Fig. 4! implies that, practically, only three-phonon dec
processes are possible for this phonon.

VI. ANHARMONICITY ANALYSIS

A. Introductory remarks—isotropic approximation

In T-dependent Raman experiments, the observed pho
frequency shifts result from the combination of tw
effects:21,25–29 ~i! the volume~implicit! effect in which the
atomic distances change because of thermal expansion
~ii ! the pure temperature~explicit! effect which alters the
phonon occupation. In an isotropic system~such as a cubic
crystal!, the phonon frequency may be written asv
5v(V,T). Therefore, for such a system, the above conce
can be quantitatively expressed as follows:

S ] ln v

]T D
P

5S ] ln v

]V D
T
S ]V

]TD
P

1S ] ln v

]T D
V

, ~4!

where (] ln v/]T)p is the rate at which the frequency shif
with T under constant pressure~isobaric change!, that is, the
total effect as measured inT-dependent Raman experiment
The two terms on the right of Eq.~4! represent the volume
~first term! and pure temperature~second term! effects. Tak-
ing into consideration the definitions of the volume expa
sion coefficientb(T) and the isothermal volume compres
ibility k(T), Eq. ~4! easily reduces to the form

S ]v

]T D
P

52
b~T!

k~T! S ]v

]PD
T

1S ]v

]T D
V

, ~5!

FIG. 4. Full width at half maximum~FWHM! of the A1g , Eg ,
andB1g phonons of MgF2 as a function of temperature. The sol
lines represent least-squares fittings of the experimental point
the range 12–1100 K to Eq.~3!. The error bars are60.2 cm21 and
61 K in the vertical and horizontal axes, respectively, forT
<300 K and60.6 cm21 and63 K for T.300 K.
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where (]v/]P)T is the~isothermal! variation ofv with P as
measured inP-Raman experiments. Hence, combination
Raman data fromT and P experiments enables one to es
mate the volume and pure temperature contributions. A m
sure of the relative contribution of the two effects is t
dimensionless parameter26

h is52
b~T!

k~T!

~]v/]P!T

~]v/]T!P
~6!

which is the ratio of the volume term to the tot
temperature-induced variation (]v/]T)P and is known as the
implicit fraction. This parameter can take values betwee
and ` and is a measure of the relative contribution of t
implicit and explicit effects to the total shift. Also, it pro
vides an insight into the type of bonds corresponding to v
ous modes.26 For n50, there is contribution only by the
explicit effect, which means tight binding~covalent crystals
and internal modes in molecular crystals!, while for n51 the
implicit ~volume! effect is responsible for the shift, implyin
longer-range forces~ionic crystals!. Forn50.5 andn@1, the
two effects are comparable, having the same sign in
former case and the opposite one in the latter.

Alternatively, we can obtain the integrated form of Eq.~5!
giving the total frequency shift,

Dv total~T![v~0!2v~T!5Dvvol~T!1Dvexpl~T! ~7a!

or
f

a-

0

i-

e

Dvexpl~T!5Dv total~T!2Dvvol~T! ~7b!

and proceed in the separation of the volume and exp
effects using thev~0! values from Table I and the measure
frequenciesv(T) from Figs. 2 and 3, and calculating th
volume-induced shifts from

Dvvol~T!52E
0

T bv~T8!

kv~T8! S ]v

]PD
T8

dT8. ~8!

It is assumed that the slope (]v/]P)T remains constan
throughout the temperature range of measurements. Thi
sumption is justified by the marginal variation of this slo
with T in other materials.28,29

B. Uniaxial crystals

Equations~4! and~6! were derived assuming an isotrop
system~crystal of cubic symmetry!. For tetragonal crystals
such as TiO2, SnO2, MgF2, etc., these equations can ser
only as approximations. This was pointed out first
Peercy25 in his Raman study of TiO2 under uniaxial stress
and was taken into account in subsequent Raman studie
uniaxial crystals by Cerdeiraet al.27 and Liarokapiset al.28

For a tetragonal crystal, the phonon frequency depends
on the c/a ratio, which is not constant withT; in other
words,v is a function of three rather than two variables:v
5v(a,c,T). Therefore, the accurate form of Eq.~4! for a
tetragonal crystal will be
ities
ration of
ess. From
S ] ln v

]T D
P

52S ] ln v

]a D
c,T

S ]a

]TD
P

1S ] ln v

]c D
a,T

S ]c

]TD
P

1S ] ln v

]T D
V

52baS ] ln v

] ln a D
c,T

1bcS ] ln v

] ln c D
a,T

1S ] ln v

]T D
V

,

~9!

whereba andbc are the linear thermal expansion coefficients.
Assuming uniaxial stresses2s1 ~applied parallel to either thea or b axis! and2s3 ~applied parallel to thec axis!, we can

take into account the resulting strains« i52si j s j for the D4h symmetry~wheresi j are the compliances! and perform chain
differentiation in order to express the nonmeasurable quantities (] ln v/] ln a)c,T and (] ln v/] ln c)a,T in terms of the uniaxial
stress derivatives. We obtain

S ] ln v

]s1
D

T

5S ] ln v

] ln a D
c,T

S ] ln a

]s1
D

T

1S ] ln v

] ln b D
c,T

S ] ln b

]s1
D

T

1S ] ln v

] ln c D
a,T

S ] ln c

]s1
D

T

52~s111s12!S ] ln v

] ln a D
c,T

2s13S ] ln v

] ln c D
a,T

~10a!

S ] ln v

]s3
D

T

52S ] ln v

] ln a D
c,T

S ] ln a

]s3
D

T

1S ] ln v

] ln c D
a,T

S ] ln c

]s3
D

T

522s13S ] ln v

] ln a D
c,T

2s33S ] ln v

] ln c D
a,T

. ~10b!

Solving the system of Eq.~10a! and~10b! for (] ln v/] ln a)c,T and (] ln v/] ln c)a,T and substituting their values in Eq.~9!,
we obtain the accurate expression

S ]v

]T D
P

52
2~bas332bcs13!~]v/]s1!T1@bc~s111s12!22bas13#~]v/]s3!T

~s111s12!s3322s13
2 1S ]v

]T D
V

. ~11!

The first term on the right-hand side of Eq.~11! represents the volume contribution to the phonon shift and all quant
contained in it can be measured. It is pointed out, though, that in order to apply this accurate expression for the sepa
the volume and pure temperature effects, it is necessary to have available Raman scattering data under uniaxial str
Eqs.~5! and ~11!, setting
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Ais52
bv

kv
S ]v

]PD
T

~12a!

and

Aun52
2~bas332bcs13!~]v/]s1!T1@bc~s111s12!22bas13#~]v/]s3!T

~s111s12!s3322s13
2 , ~12b!
a

ic

in

.
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of

32.
we obtain the fraction

m5
Aun2Ais

Aun
~13!

which expresses the percent deviation of the isotropic
proximation from the accurate value obtained for theD4h
tetragonal symmetry. The correct expression for the impl
fraction will be

h5
Aun

~]v/]T!P
. ~14!

Finally, Eq.~10! giving the volume-induced shift becomes
this case

Dvvol~T!5E
0

T

Aun~T8!dT8. ~15!

C. Thermal expansion coefficients and compressibilities of
MgF2

The linear thermal expansion coefficientsba and bc of
MgF2 were measured by Browder24 in the range 16–310 K
We have fittedba andbc to the function21,27,28

b~T!5~F/T1G/T2!sinh22~T1 /T!. ~16!

Figure 5 shows least-squares fits to Eq.~16! of the experi-
mental points24 for ba andbc . The experimental data wer

FIG. 5. Temperature dependence of linear thermal expan
coefficientsba ~lower plot! andbc ~upper plot! of MgF2. The ex-
perimental data~open squares! in the range 16–310 K are from Re
24. The solid lines are least-squares fittings of these experime
points and an estimated point~open circles! to Eq. ~16!. The esti-
mated point at 1000 K represents a 70% increase in the range
1000 K, which corresponds to the average increase of the expan
coefficient for several other crystals; see text for details.
p-

it

extrapolated assuming a 70% increase ofba and bc in the
range 300–1000 K. This percentage figure represents an
erage increase of thermal expansion coefficients for sev
crystals21,28,29in this range. In a recent article,30 experimental
values of the volume expansion coefficient (bv52ba1bc)
were mentioned up to 900 K. Since uniaxial stress Ram
data are available for MgF2 and for the anharmonicity analy
sis the linear expansion coefficientsba andbc are required,
we have used the above-mentioned extrapolated values
these coefficients. However, the resulting volume expans
coefficient values at highT’s from this extrapolation were in
very good agreement~within 4%! with the corresponding
experimental values30 of bv . The fitting parametersF, G,
andT1 are listed in Table II.

The compliancessi j have been calculated from the elas
constantci j data of Kandil et al.31 ~4–300 K! and Jones
et al.32 ~300–620 K!. Since bothci j andsi j are almost linear
with T in the range 300–620 K, we have extrapolated l
early thesi j data up to 1100 K. The fitted parameters of t
linear T dependence of thesi j ’s (s5s01s1T) are presented
in Table II. For tetragonal crystals the volume compressib
ity is given by

kv52~s111s1212s13!1s33.

D. Contributions of volume and explicit effects to the phonon
frequency shifts

Since Raman data under uniaxial stress are available8 in
the case of MgF2, we have performed an anharmonici
analysis using the correct expressions for tetragonalD4h
symmetry crystals. The isotropic approximation has a
been used to calculate the volume effect contribution a
estimate the deviation of this approach from the accur
one.

n

tal

0–
ion

TABLE II. Fitting parameters for the temperature dependen
of the thermal expansion coefficients and of the compliances
MgF2, according to the experimental data of Refs. 24, 31, and

F G
~K!

T1

~K!
s0

(1023 GPa21)
s1

(1023 GPa21/K)

ba 0.000 49 0.866 295
bc 0.000 57 0.569 215
s11 112.54 20.000 25
s12 27.41 10.000 45
s13 21.71 10.000 58
s33 15.81 20.000 03
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Given that theEg phonon is doubly degenerate, whe
uniaxial stress is applied along thea axis, it causes an ortho
rhombic distortion and this phonon splits into tw
components,8 each having a different (dv/ds1) slope.
Hence, in order to estimate the volume contribution fro
Eqs.~12! and~13!, we have used the mean value of the tw
measured8 (dv/ds1) slopes. In Table III, uniaxial and hy
drostatic pressure derivatives are given for the three phon
A1g , Eg , andB1g of MgF2 at 300 K, according to Ref. 8
Plots of the uniaxial implicit fractionh @Eq. ~14!# againstT
are shown in Fig. 6 for theA1g , Eg , andB1g phonons. A
value ofh approaching~but not exceeding! 1 is observed for
the A1g and Eg phonons forT.200 K, implying that the
volume ~implicit! effect is dominant for these phonons,
result which is compatible with the ionic character of t
MgF2 bonding. The obtained valueh51 for the normalA1g
andEg modes of such an ionic crystal serves also as a p
tive criterion for the reliability of both the measured data a
the uniaxial approach calculations. The parameterh for the
B1g phonon varies continuously between the values 1 an
in the range 200–1100 K, which means that the two effe
have opposite signs, with the volume effect being the do
nant one. ForT,120 K, h takes values smaller than 0.5 an
at about 60 K approaches zero~Fig. 6! for all three phonons,
implying that the explicit effect dominates the phonon fr
quencies. This is anticipated since the expansion coeffici
have very small values~Fig. 5! at these lowT’s. ~Similar
patterns have been reported previously21,27,28for the param-
eterh at low T’s in other ionic crystals.!

Alternatively, a better picture of the relative importan
of the volume and explicit contributionsDvvol and Dvexpl
can be obtained from Eqs.~15! and ~7b!, respectively, and

TABLE III. Uniaxial and hydrostatic pressure slopes~in
cm21/GPa! of the A1g , Eg , andB1g modes of MgF2, from Ref. 8,
together with the room-temperature implicit fraction and the mi
mum uniaxial-isotropic percentage deviation.

(]v/]s1) (]v/]s3) (]v/]P)T h ~300 K! mmin

A1g 5.0 20.8 9.2 0.82 13%@420 K
Eg 1.1a 3.1 5.3 0.92 9%@570 K
B1g 21.9 20.6 24.4 1.54 5%@350 K

a!Average1
2 ~]v/]s11]v/]s2!; see text for details.

FIG. 6. Temperature dependence of the uniaxial implicit fr
tion h @Eq. ~15!# for the A1g ~solid line!, Eg ~dotted line!, andB1g

~dashed line! phonons of MgF2.
ns
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plots ofDvvol andDvexpl with T are shown in Figs. 7 and 8
for theA1g andEg and theB1g phonons, respectively. In th
case of theA1g and Eg phonons~Fig. 7!, both effects con-
tribute with downward~negative! shifts with the volume ef-
fect dominating the frequency shift forT.200 K. The pat-
tern for the B1g phonon ~Fig. 8! is different: the volume
effect gives an upward~positive! shift throughout theT
range, while the explicit effect gives a slight upward shift f
T,200 K, but a negative one above thisT. In absolute val-
ues, the volume-induced shift is always larger than the
plicit one for T.200 K.

Figure 9 shows plots of the percentage deviation withT of
the isotropic approximation from the accurate uniaxial a
proach for the volume contribution@Eqs.~12! and~13!#. The
deviation is substantial at lowT’s ~,200 K! for theA1g and
Eg phonons, but it decreases, with increasingT, to less than
20% and 10%, respectively, with a broad minimum arou
450 K; at higherT’s (T.200 K!, the isotropic approxima-
tion gives volume contributions quite close to those obtain
by the uniaxial approach for these phonons and can be u
for such calculations, because the difference between the
methods is smaller than the margin of errors. For theB1g
phonon, the deviation of the isotropic approximation is ev
smaller~,7.5%! throughout the range of 100–1100 K.

-

-

FIG. 7. VolumeDvvol ~solid lines! and explicitDvexpl ~open
symbols! contributions to the total frequency shift of theA1g

~circles! and Eg ~triangles! phonons of MgF2. The volume contri-
butionsDvvol were calculated from Eq.~15! and the resulting data
points were fitted to a polynomial function. The explicit contrib
tions were deduced from Eq.~7b!.

FIG. 8. VolumeDvvol ~solid line! and explicit Dvexpl ~open
symbols! contributions to the total frequency shift of theB1g pho-
non of MgF2 calculated from Eqs.~15! and ~7b!, respectively.
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VII. CONCLUSIONS

The Raman spectra of MgF2 have been studied over
wide temperature range~12–1100 K!. It is shown that the

FIG. 9. Temperature dependence of the percentage deviatio
the isotropic approximation from the accurate uniaxial approach
the calculation of the volume contribution to the total observ
frequency shift@Eqs.~12a!, ~12b!, and~13!# for the A1g , Eg , and
B1g phonons of MgF2.
th
98
e,

v

hy
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,
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ta

. B
anomalous softening of theB1g phonon with decreasing tem
perature down to 60 K is caused by thermal contract
~which changes the force constants! rather than an incipien
phase transition.

Based on the temperature dependence data of this w
and on existing uniaxial stress Raman data,8 an anharmonic-
ity analysis has been performed using both the accurate
cedure, valid for a uniaxial tetragonal crystal, and the isot
pic ~cubic! approximation, in order to separate the volum
~implicit! and the pure temperature~explicit! contributions to
the observed phonon frequency shifts. It has been found
the isotropic approximation can be satisfactorily used foT
.200 K. For most of the temperature range, the volume c
tribution dominates over the pure temperature contribut
thus confirming the ionic character of the MgF2 bonding.
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