
Measurements of elastic properties of langatate at liquid helium temperatures for
design of ultra low loss mechanical systems
Maxim Goryachev, Philippe Abbé, Bernard Dulmet, Roger Bourquin, and Serge Galliou 
 
Citation: Applied Physics Letters 104, 261904 (2014); doi: 10.1063/1.4885423 
View online: http://dx.doi.org/10.1063/1.4885423 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/104/26?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Jump chaotic behaviour of ultra low loss bulk acoustic wave cavities 
Appl. Phys. Lett. 105, 063501 (2014); 10.1063/1.4892926 
 
Extremely low-loss acoustic phonons in a quartz bulk acoustic wave resonator at millikelvin temperature 
Appl. Phys. Lett. 100, 243504 (2012); 10.1063/1.4729292 
 
Low Temperature Transport Properties in Ferromagnetic GaMnAs Films 
AIP Conf. Proc. 893, 1203 (2007); 10.1063/1.2730330 
 
Low Temperature Mechanical Properties of Cyanate Ester Insulation Systems After Irradiation 
AIP Conf. Proc. 711, 289 (2004); 10.1063/1.1774581 
 
Langasite for high-temperature bulk acoustic wave applications 
Appl. Phys. Lett. 78, 976 (2001); 10.1063/1.1345797 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

130.95.223.254 On: Wed, 07 Oct 2015 01:53:55

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1335377949/x01/AIP-PT/LakeShore_APLArticleDL_100715/AIP-APL-Materials_1640x440_ProbeStationsPS100_Final.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Maxim+Goryachev&option1=author
http://scitation.aip.org/search?value1=Philippe+Abb�&option1=author
http://scitation.aip.org/search?value1=Bernard+Dulmet&option1=author
http://scitation.aip.org/search?value1=Roger+Bourquin&option1=author
http://scitation.aip.org/search?value1=Serge+Galliou&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4885423
http://scitation.aip.org/content/aip/journal/apl/104/26?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/105/6/10.1063/1.4892926?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/24/10.1063/1.4729292?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.2730330?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.1774581?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/78/7/10.1063/1.1345797?ver=pdfcov


Measurements of elastic properties of langatate at liquid helium
temperatures for design of ultra low loss mechanical systems

Maxim Goryachev,1,a) Philippe Abb�e,2 Bernard Dulmet,2 Roger Bourquin,2

and Serge Galliou2

1ARC Centre of Excellence for Engineered Quantum Systems, University of Western Australia,
35 Stirling Highway, Crawley WA 6009, Australia
2Department of Time and Frequency, FEMTO-ST Institute, ENSMM, 26 Chemin de l’ �Epitaphe,
25000 Besançon, France
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We present full characterisation of acoustic wave devices based on the fully synthetic crystalline

material at the liquid helium temperature range required for the design of ultra low loss mechanical

systems in many areas of research, including frequency control and fundamental measurements.

Temperature coefficients of the effective elastic tensor of Langatate (LGT) in Lagrangian

representation are determined for the temperature range of 3.8–15 K. The Lagrangian formalism is

mandatory in the analysed situation since the expansion coefficients of the LGT are still unknown

at these temperatures. The measurement method involves a set of high-quality resonators of various

cut angles and uses measurements of frequency-temperature relations to extract the temperature

coefficients of the elastic tensor. In addition, power sensitivity of LGT resonators at cryogenic

temperatures is determined and dominant loss mechanism is identified. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4885423]

Recently, low temperature applications of piezoelectric

Bulk Acoustic Wave (BAW) devices have drawn serious

attention due to their extraordinary quality factors.1–3 Such

applications include, but not limited to, frequency control

systems,4 quantum hybrid devices,2,5,6 and atomic force

spectroscopy. It is demonstrated7,8 that in most of these

applications, and in frequency control in particular,4 thermal

response of such devices is critical and requires further

improvement. For this purpose, thermal coefficients of the

utilised material has to be identified at the liquid helium tem-

perature range.

Although langasite-type materials were initially devel-

oped as laser crystals, some of their properties make them

very good candidates for frequency control applications.

Like other compounds of this crystal family, Lanthanum

gallium tantalite (La3Ga5.5Ta0.5O14) or Langatate (LGT)

belongs to the same trigonal crystal class 32 as quartz, and as

a consequence exhibits similar properties. First, it is piezo-

electric with an electromechanical coupling coefficient two

to three times greater than that of quartz. These properties

make Langatate ideal for variety of frequency-control appli-

cations including BAW and surface acoustic wave (SAW)

resonators and filters.9 BAW LGT resonators have already

demonstrated their efficiency as master resonators in very

stable oscillators.10 Since LGT-based devices exhibit similar

low phase noise and high Q regimes as quartz devices, they

can also be classified as a low-loss material.11 It should also

be pointed out that LGT crystal can be made according to a

purely synthetic process of growth, whereas quartz crystal

cannot be reproduce infinitely from synthetic seeds.

A resonance frequency of any acoustic device is a func-

tion of elastic coefficients of corresponding material. Since

all these coefficients are temperature dependent, the

knowledge of this dependence is essential for predicting reso-

nance frequency sensitivity to temperature and corresponding

stability. Various methods have been used to determine such

coefficients from phase velocity measurement by a pulse echo

overlap method, or resonant ultrasound spectroscopy and

combined resonance techniques,12,13 or by means of laser ul-

trasonic techniques,14,15 although application of these methods

at low temperatures is associated with technical problems.

Alternatively, elastic coefficients can be accurately identified

from the frequency-temperature measurements of plate reso-

nators based on corresponding material.16,17

At low temperatures, the use of the Lagrande description

is mandatory because the linear thermal expansion coeffi-

cients of LGT are still unknown. In the Lagrange descrip-

tion,18 the material density involved in the fundamental

equation of the dynamics is referred to the reference temper-

ature in the undistorted reference state, on the surface of

which the boundary conditions are also applied. According

to this formalism, the stress-strain relationship is given by

the following tensor expression Pij¼Gijkl@kul, where Gijkl is

an element of the tensor of elastic coefficients, Pij represents

the first Piola-Kirchoff stress tensor, ul is an element of a

vector of displacement. The elements are given with respect

to coordinates of a material point at reference temperature.

Elastic constants Gijkl are temperature dependent, and the

corresponding thermal coefficients have been already deter-

mined at room temperature.19,20

The elastic tensor Gijkl determines eigenfrequencies of

acoustical modes of mechanical structures. Thus, thermal

sensitivity measurements of these frequencies can be used to

determine thermal coefficients. The structure used in this

approach is a BAW plate resonator whose high quality fac-

tors ensure sufficient accuracy. To resolve the material ani-

sotropy, resonators with various cut angles should be

characterised.16,17a)maxim.goryachev@uwa.edu.au
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The characterisation approach utilises another theoreti-

cal result; the Tiersten-Stevens theory21 that analytically

describes eigenfrequencies of contoured piezoelectric plate

resonators. The theory provides the relationships between

eigenfrequencies of the plate vibrations and mechanical con-

stants that have to be determined. A case of plano-convex

plate resonators of the thickness 2h0 and the curvature radius

R0, or trapped energy resonators (see insets (A) and (B) of

Fig. 1) is considered in the study.

Infinite plate acoustic thickness vibration of a certain

type (shear or longitudinal) is fully determined by one wave-

number that describes variation of the wave along the plate

thickness, i.e., its overtone (OT), resulting in the following

eigenfrequency:

f 2
n ¼

n2

16h2
0

Ge

q0

1� 8
k2
a

n2p2

� �
; (1)

where n is a wave-number along the z axis, q0 is the material

specific mass, 2h0 is the plate thickness, and Ge is an effec-

tive temperature dependent elastic coefficient in the direction

of the wave propagation (z axis in this case). Ge is composed

of the elements of Gijkl that make impact in the propagation

along the chosen crystal orientation. Both R0 and h0 are

defined at the reference temperature that is 8 K in the present

study. For high values of n, the piezoelectric correction, the

second term in brackets, becomes negligible so that it could

vanish. In the case of piezoelectric resonators excited electri-

cally, n should be odd.

For plano-convex plate finite resonators, according to

the Stevens-Tiersten analysis, an eigenfrequency of a certain

vibration type is characterised by three wave-numbers n, m,

and p:

f 2
nmp

f 2
n

¼ 1þ 1

np

ffiffiffiffiffiffiffi
2h0

R0

r ffiffiffiffiffiffi
Mn

Ge

r
2mþ 1ð Þ þ

ffiffiffiffiffiffi
Pn

Ge

r
2pþ 1ð Þ

 !
;

(2)

where n, m, and p are acoustic wave variations in z, x, and y
directions, respectively, fn is an eigenfrequency of a corre-

sponding infinite plate, 2h0 is the plate thickness, and R0 is

the radius of curvature. Equation (2) makes the measurable

frequencies dependent on three temperature-dependent pa-

rameters, Ge, Mn, Pn.

It follows from Eq. (2) that the infinite plate eigenfre-

quency fn can be calculated from the measurement results of

finite plano-convex plates fnmp by combining three eigenfre-

quencies with the same longitudinal wave-number n and dif-

ferent combinations of in-plane wave numbers m and p:

f 2
n ¼

1

4
6f 2

n00 � f 2
n02 � f 2

n20

� �
: (3)

The resultant infinite plate eigenfrequency is a function of

only one temperature-dependent parameter Ge. Thus, it is

straightforward to relate temperature dependence coefficients

of the elastic parameters with that of the resonator

eigenfrequencies.

kth order temperature coefficients of the elastic elements

and a plate eigenfrequency could be represented in the series

form:

n kð Þ
ij ¼

1

k!

1

Gij
@k

TGij; v kð Þ
nmp ¼

1

k!

1

fnmp
@k

Tfnmp; (4)

which give a coefficient of Taylor series expansions around

the reference temperature Tref with the simplified (two index)

notation of the elastic matrix Gijkl.
20 In the following, only

infinite plate frequency coefficients vðkÞn00 ¼ vðkÞn are consid-

ered assuming correction (3) is imposed. This assumption is

made due to the fact that Mn and Pn temperature dependen-

ces are negligible in comparison with that of Ge. The rela-

tionships between first three lowest-order coefficients for an

nth order infinite plate eigenfrequency and effective elastic

coefficient Ge are given as follows:

v 1ð Þ
n ¼

1

2
n 1ð Þ

e ; v 2ð Þ
n ¼ �

1

8
n 1ð Þ

e

� �2

þ 1

2
n 2ð Þ

e ;

v 3ð Þ
n ¼

1

16
n 1ð Þ

e

� �3

� 1

4
n 1ð Þ

e n 2ð Þ
e þ

1

2
n 3ð Þ

e ;

(5)

where nðkÞe are effective coefficients for the direction of the

wave propagation. Using these algebraic relationships, it is

possible to deduce material temperature coefficients using

the following recurrent linearization:22

v 1ð Þ
i ¼ M 1ð Þ

ij G 1ð Þ
j ; v 2ð Þ

i ¼ M 1ð Þ
ij G 2ð Þ

j þ
1

2
M 2ð Þ

ijk n 1ð Þ
j n 1ð Þ

k ;

v 3ð Þ
i ¼ M 1ð Þ

ij G 3ð Þ
j þM 2ð Þ

ijk n 2ð Þ
j n 1ð Þ

k þ
1

6
M 3ð Þ

ijkln
1ð Þ

j n 1ð Þ
k n 1ð Þ

l ;

(6)

where elements Mij are coefficients of eigenfrequency sensi-

tivity to elastic coefficients Mij ¼ Gj

fi

@fi
@Gj

. It should be noted

that jMðnÞj < 1
2n and products nð1Þj nð1Þk ; nð2Þj nð1Þk and nð1Þj nð1Þk nð1Þj

are of the order of 10�12. Comparing this order to 10�6 for

the single coefficients nðkÞj , relationships (6) can be limited to

the first order terms resulting in the straightforward relation:

vðkÞi ¼ M
ðkÞ
ij nðkÞj : (7)

The overall identification procedure includes the follow-

ing steps: (1) Temperature dependence measurements of res-

onant frequencies and fitting of frequency-temperature plots

FIG. 1. Frequency response of an LGT resonator in terms of its impedance

Z(f) is shown in the form of a phase (left vertical axis) and magnitude (right

vertical axis) of measured complex values. Insets (A) and (B) are the side

and top views of a plano-convex plate BAW resonator.
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to 3rd order polynoms (experience shows that higher orders are

not necessary). If possible, apply this to three modes with wave

numbers (n, 0, 0), (n, 2, 0), and (n, 0, 2) with n� 3; (2) applica-

tion of correction (3) giving an eigenfrequency of an infinite

plate; (3) calculation of temperature coefficients vðkÞn of this fre-

quency; (4) recalculation of effective material temperature

coefficients nð1Þe by solving (7). Note that the data set of G
ðiÞ
j

values used in the following paragraphs is that identified at

room temperature from Ref. 23. According to (1), this approxi-

mation is largely justified, because frequency changes never

exceed a few 10�4 from room to cryogenic temperatures.

The temperature coefficients of the elastic tensor of cry-

ogenically cooled LGT are identified using temperature

measurements of high quality plate resonators. A set of reso-

nators with different plate orientations with respect to differ-

ent crystal orientation (crystal cuts) is needed to capture

anisotropy of these parameters. The following crystal cuts in

accordance with the IEEE-std 176–198724 are used: Y

(90�, 0�), X (0�, 0�), Z (0� 90� Xþ 45 (0� 45�), Yþ 15–30

(105�, �30�), Y-45 (90� �45�). The corresponding Euler

angles (/, h) are given in brackets. The full list of character-

ised resonators and corresponding modes is given in Table I.

The measured modes belong to three classes: Anmp—thickness

quasi-longitudinal, Bnmp—thickness fast quasi-shear, and

Cnmp—thickness slow quasi-shear.

The resonators are fabricated according to a process that

is very close to the conventional process for quartz BAW

devices: crystal orientation, crystal cut, plate rounding, lap-

ping, and polishing for a plano-convex surface type.25 The

resonators are designed to have a resonance frequency on

the 3rd OT of the shear mode of about 10 MHz at room tem-

perature. The original crystal material is supplied by

FOMOS-Materials (Russia).26

The LGT resonators of different cuts have been cooled

down to liquid helium temperatures using a conventional

pulse tube cryocooler. The resonators without an enclosure,

an individual vacuum chamber, are put inside an oxygen-

free copper block whose temperature is controlled with 63

mK precision. The resonators and the copper block are in

thermal equilibrium at each measurement point. The resona-

tors are connected to the measurement room temperature

electronics using long coaxial cables thermalized at each

stage of the cryocooler. Although resonators do not have

their own vacuum chamber, the pressure of their environ-

ment is of the order of 5� 10�7 millibar. The environmental

instabilities are negligible for the current measurements.27

Several resonances (Table I) are characterised in the tem-

perature range 3.75–15 K using the network analyser technique.

The technique incorporates a careful calibration stage that

allows the method to exclude influence of the connecting

cables. For this purpose, three calibration standards are installed

in the very proximity to the characterised device. The technique

employs a network analyser HP4195A locked to a hydrogen

maser for the ultimate frequency stability. The instrumentation

provides 0.001 dB, 0.01� resolution in magnitude and phase

respectively, and up to 1 mHz frequency precision. Typically

complex valued impedance Z(f) is measured in the vicinity of

different resonance frequencies at each temperature value (see

Fig. 1). Typical frequency response of a LGT resonator in a vi-

cinity of a resonance frequency is shown in Fig. 1. For each

such measurement, parameters of the equivalent Butterworth-

van Dyke model28 are identified giving values of the resonance

frequency, quality factor and active (motional) resistance.

Then, a third order fit of various curves of resonance frequen-

cies versus temperature provides estimated values of the fre-

quency coefficients vðkÞi , which are further used to identify the

temperature coefficients of the elastic tensor.

Fig. 2 demonstrates dependence of the Y-cut resonator

fractional frequency shift against the temperature offset. The

reference temperature is taken 3.75 K. The dependence shows

a frequency-temperature turn over point corresponding

approximately to 5 K. Table II gives the resulting temperature

coefficients up to the third order of the elastic tensor elements

Gij. Coefficients nðkÞ14 are not given since they can be easily

derived using the expression nðkÞ14 ¼ nðkÞ17 þ nðkÞ44 � nðkÞ47 .

TABLE I. Crystal plate cuts and characterised resonances. Temperature

coefficients vðkÞnmp of resonance frequencies (4) of a set of resonators as a

result of 3rd order polynomial fit, with Tref¼ 8 K.

Cut Xnmp vð1Þnmp; 10�8 vð2Þnmp; 10�8 vð3Þnmp; 10�8

Ya C300 þ11.235 þ7.386 þ1.164

C320 �9.28 þ5.46 þ1.92

C302 þ10.21 þ7.45 þ1.08

Ya C500 þ10.383 þ7.783 þ1.189

C520 þ7.28 þ7.20 þ1.135

C502 þ12.30 þ7.97 þ1.20

Xb A300 �66.28 �7.57 �0.150

A500 �74.796 �8.76 �0.091

Zc C500 þ2.50 þ7.37 þ1.14

C300 þ4.86 þ7.66 þ1.08

Xþ 458 C300 þ108.11 þ23.97 þ2.235

A300 �55.69 �6.419 �0.1046

Yþ 15��30� B500 �75.06 �7.68 0.1642

C300 þ235.88 þ45.33 3.63

Y�45 C300 þ179.0 þ37.57 þ3.75

C500 þ454.8 þ75.42 þ5.126

C700 þ463.24 þ73.23 þ5.27

aAvailable for infinite plate. See (3).
bShear waves could not be excited.
cExcited using an electrical lateral field instead of a normal field as for Y

cuts.

FIG. 2. Dependence of the resonance fractional frequency shift y ¼
f ðTÞ�f ðTref Þ

f ðTref Þ of an Y-cut LGT resonator as a function of temperature offset

dT¼T�Tref.
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Table III compares temperature coefficients of the Gij

matrix at liquid helium and room temperatures. It can be

noted that while the first order coefficients at 5 K are signifi-

cantly lower than at 298 K, the second order coefficients ex-

hibit the inverse relation. The temperature sensitivities of

mechanical parameters at higher temperatures, e.g., up to

900 �C,29,30 are typically given for the the Euler formalism,

and thus cannot be easily compared.

In order to ensure linear response of the device, the reso-

nators are characterised at the lowest accessible incident

power, �50 dBm. The typical power sensitivity of a reso-

nance frequency of an LGT resonator is shown in Fig. 3. The

resonators demonstrate expected Duffing-type nonlinearity

accompanied by thermal effects at elevated values of inci-

dent power with no anomalous nonlinear behaviour.31

Resonator characterisation at different temperatures gives

not only frequency change but also a temperature dependence

of acoustical losses or equivalently quality factors of acoustic

resonances. To determine such dependence, two Y-cut resona-

tors have been measured in a wide range of cryogenic temper-

atures (Fig. 4). Unlike their quartz counterparts,1–3 none of the

tested LGT resonators exhibit significant improvement of their

quality factor. Its slight improvement (less than an order of

magnitude from about 106 to 107) demonstrates no power law

in temperature dependence. These facts show that device

losses are most likely dominated by engineering losses, i.e.,

clamping problem, due to lack of phonon trapping. Thus,

regimes of material losses for LGT resonators have not been

achieved yet. This is confirmed by the considerable difference

in quality factors for two resonators resulting from non-

reproducibility of the technology. Additionally, the two

resonators demonstrate a sharp peak of acoustic wave absorp-

tion near 40 K. Similar to quartz resonators, this could be

related to impurity ions inevitably found in the crystalline

structure,32 or more probably due to activity dips,33 peaks of

both samples do not appear at the same temperature.

In summary, various cuts of LGT crystal resonators

have been tested at liquid helium temperatures. Thermal

coefficients of the elastic tensor in Lagrangian representation

are calculated. Measurements revealed existence of the

frequency-temperature points for slow shear modes of Z and

Y cuts at around 7 K. Possibility of such points is vital for

building temperature insensitive devices for ultra-stable fre-

quency reference systems. It may lead to improved stability

of cryogenic BAW frequency sources.4 Power sensitivity of

LGT-based devices demonstrates typical Duffing-type nonli-

nearity and thermal effects.8,31 Loss regimes of the devices

under study are determined by clamping losses due to lack of

effective phonon trapping.1,2,34 Nevertheless, since the pie-

zoelectric coupling coefficient well exceeds that of quartz,

low loss LGT is a promising material for various physical

applications at low temperatures including frequency con-

trol, hybrid quantum systems, sensing applications.

This work was supported by Conseil R�egional de

Franche-Comt�e (Convention No. 2008 C 16215). M.G. is

thankful to the Australian Research Council under Grant No.

CE110001013.

TABLE II. Temperature coefficients nðkÞij of the elastic elements Gij. In

brackets: Estimated uncertainties that are extracted from experimental

results on a set of cuts. Beyond measurement uncertainty, the dominant fac-

tor is the cut angle uncertainty (�630).

Coefficient nð1Þij , 10�6 nð2Þij , 10�6 nð3Þij , 10�7

nðkÞ11 �1.4 (20%) �0.16 (20%) �0.024 (20%)

nðkÞ66 0.273 (415%) 0.16 (151%) 0.22 (116%)

nðkÞ55 0.074 (20%) 0.15 (20%) 0.22 (20%)

nðkÞ17 �21.33 (20%) �3 (21%) �1.73 (24%)

nðkÞ13 0.4 (33%) 0.087 (46%) �0.09 (163%)

nðkÞ33 �29.8 (23%) �2.75 (55%) �0.73 (157%)

nðkÞ44 86 (23%) 7.75 (61%) 2.08 (159%)

nðkÞ47 33.3 (24%) 2.95 (68%) 0.73 (153%)

TABLE III. Comparison of the temperature coefficients at the liquid helium

temperature (this work) and 298 K.19,20

nð1Þij , 10�6 nð1Þij , 10�6 nð2Þij , 10�7 nð2Þij , 10�9

4.2 K 298 K 4.2 K 298 K

nðkÞ11 �1.4 �68.9 �0.16 �74

nðkÞ66 0.273 20.7 0.16 �172

nðkÞ55 0.074 13.0 0.15 �143

nðkÞ17 �21.33 �391 �3 285

nðkÞ13 0.4 �76.6 0.087 �92

nðkÞ33 �29.8 �109 �2.75 �72.7

nðkÞ44 86 8.4 7.75 �147

nðkÞ47 33.3 10.7 2.95 �145

FIG. 3. Typical power sensitivity of the resonance frequency y ¼
f ðPÞ�f ð�50dBmÞ

f ð�50dBmÞ of an LGT resonator at the liquid helium temperature. The

curves are given for shear modes of the Yþ 158� 30� cut LGT resonator.

FIG. 4. Temperature dependence of quality factors of two Y-cut resonators

of the same type in a wide range of temperatures.
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