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PHASE-SENSITIVE OPTICAL DETECTION OF BALLISTIC PHONON PULSES
USING

FREQUENCY-MODULATION SPECTROSCOPY AND PERSISTENT SPECTRAL
HOLES

W. P. Ambrose and W. I, Mocrner
IBM Rescarch Division
Almaden Research Center

San Josc., Cajilfornia 95120

ABSTRACT:

Using laser frequency-modulation (I'M) spectroscopy and persistent spectral holes,
time-resolved phase-sensitive probing of halilistic phonons generated by an absorbed

Nd:YAG laser pulsc is accomplished in the interior of a sohd sample. Mceasurement of the

time dependence and sign of a propagating stress-strain lic . illustrated using spectral holes
in the inhomogencously broadened 607 nm color center ab -~ Lion in X-irradiated Nal™ at

liquid-hclium temperatures. By cxamining the dependence ol the observed phonon
time-of-flight data on the polarization of the probing light, the position within the sample,
and the phase of I'M detection, an identilication of the acoustic polarizations of the
propagating phonons may bhe made. The eflects of phonon focusing and mode conversion
upon reflection must be tuken inta account to complete the wdentilication. Along with the
ability to determine the sign of the acoustic disturbance, this experument features @ strain

detection limit of 4 x 10 ° at a time resolution of S0 ns,




I. Introduction

The study of the propagation of noncquilibrium phonons in solids has provided fertile
ground for the observation of several novel phvsical effects'. Using heat-pulse gencration in
constantan films and detection with superconducting bolometers, T [ascinating
phonon-(ocusing effect was obscerved duc to the intrinsic clastic anisotropy in cubic crvstals

Phonon focusing has led to the development of a varicty of powerful techniques for
imaging lascr-generated phonon pulscs o inchuding the studv of phonon storage cffects in
the “hot spot” ncar the gencration region "

In contrast to surface detection with ultraconic transducers and supconducting
bolometers, scveral optical methods for the studv of phonons have appcared which allow
probing of phonon dynamics and propagation within the bulk of a solid matcrial. Tn an carlv
cxpcrimcntm, the R-line fluorescence of Cr'' ions in rubv was used as a monitor of 29
cm ' phonons. This cxperiment and others allowing detection of high-frequency phonons
by phonon-induced fluorescence have been reviewed rcccntl_\'”. In recent experiments,
enhanced optical dephasing as mecasurcd by optical frec-induction decay "2 and modulation
of two-pulse photon-ccho decays " have both heen shown 1o be sensitive detectors of high-

and low- frequency phonons.

Persistent spectral holes also provide a sensitive optical detector of phonon wave
packctsm. In persistent spectral hole-burning, the profile of an inhomogencously broadencd
optical absorption ¢f a defect in a solid at low temperatures is modificd by dircct
photochemistry or by photophysical madilication of the Tocal environment of the absorbing
defect’. The narrow spectral width of the resulting persistent spectral hole (PSIT) allows
interaction with acoustic waves with quite high sensitivity. In the first experiment of this
!ypc:", an ultrasonically-generated phonon pulse was <hown to lead to strang

(phasc-insensitive) modulation of a spectral hole with S gs time resolution. By carelul control

of an impressed ultrasonic ficld, the resulting <hifting and <plitting of a spectral hole was
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shown to lead to both phasc-insensitive  and phase-sensitive — detection techniques for
spectral holes themsclves. In recent studies, phonon-induced changes of a spectral hole and
anti-Stokes phonon sideband methods have been used to study heat-pulse propagation in thin

polymer films .

In this paper, the powerful method of laser frequency-modulation spectroscopy (FFMS)
is uscd to time-resolve the changes mn a pereistent spectral hole with S0 ns time resolution
caused by the passage of laser-gencrated baltlistic phonon wave packets through the detection
region. In FMSH, a frequency-modulated faser beam is converted to an amplitude-modulated
bcam by the narrow absorption and dispersion due to the spectral hoie. The method is
sensitive to the phonon phase, that is, signals of different sign arc produced by dilation and
compression.  Since the detection operates at a high rf frequency far above the laser

low-frequency noisc spectrum, the technique can operate near the shot-noise fimit.

To illustrate the technique, the 607 nm 7ero-phonon optical absorption ol aggregate color
centers in NaF was chosen as the inhomogencously broadened optical transition capable of
PSH formation. Time-of-flight data for phonon wave packets generated by the absorption
of Nd:YAG lascr pulses in a metal film on the Nal® crvstal have a rich structure, requiring
a fairly detailed analysis. In the next section, the experimental methods used to record
laser-gencrated phonon time-of-flight signals arce described. In Scetion [, the theory of
phonon-induced splitting and shifting of the optical transition is reviewed. In Section [V,
cxperimental results on phonon detection and probe polarization dependence are presented.
The technique is demonstrated to be sensitive to strains as small as I x (0 °. [n Scction V,
the dependence of the time-of-flight data on laser position along with the theory of Sec. 111
arc utilized to identify the acoustic polarization of the various phonon peaks.  Since this
technique is able to measure the stress and strain of ballistic phonon packets in the interior
of a solid with high time resolution, it should prove to be useful for the study of phonon

dynamics and propagation in a varicty ol materials,




II. Experimental

Iligure 1 shows the sample configuration for faser generation and phasc-sensitive
time-of-fight dctection of phonons. The material studied in these experiments is single crvstal
Nal” containing aggregate color centers. Ballistic packets ol acoustic phonons arce gencerated
by Nd:YAG iaser pulses incident on a thin [ilm of Cr that has been evaporated on onc face
of the Nal’ crystal. Phonons propagating awav [rom the Cr film ito the Nal® crystal arc
detected inside a selected crvstal volume by a probe laser beam. The basic phvsical
phenomenon used in the detection process is that phonon stress and strain ficlds shift and
split the frequencics of the color center absorption lines. I'or sensitive detection of the
absorption frequency shifts, the probe laser ic first used to burn @ narrow persistent spectral
hole (PSI1) in the inhomogencously broadencd 607 nm color center 7ero phonon line (ZP1)
P02 e phonons are then detected as small frequency <hifts of the PSH using wide
bandwidth laser frequencv-modulation spectrascopy (1°MS) ¥ Notice that both the
phonon-gencration and probe laser beams mayv be displaced to examine the propagation
behavior of phonons inside the crystal. The Cartesian coordinate system shown in Iig. L.
with origin centered on the Cr-coated end [ace and axes along < 100~ cubic crystal
dircctions, will be used throughout this paper to describe the positions of the faser beams

and the components of the phonon stress tensor.

The sample consisted of a single crystal of Nal‘, cleaved and polished along {100} crystal
plancs with dimensions of Ix1x2 cm. Color centers were produced by exposing onc of the
Ixl ¢cm crystal faces to Cu x-ravs (30 mA at 30 kV) for 305 hours at room temperature.
The crystal acquired a gradient of pinkish brown color (rom the irradiated end. A 0.3 pm
laver of Cr was cvaporated on the [ace opposite the wradiated face. For convenience. the
Nal” color center aggregate with ZPL at 607 nm was chosen as the inhomogencously
broadened optical transition capablc of PSI1 formation' . The 607 nm 7PL had an internal
transmittance of 90 % through 1 c¢cm ncar the middle of the crvstal at .o K, as measured

with a tungsten lamp, 3/4 m monochromator, and GaAs photomultiphier tube,
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Figure 2 shows the experimental apparatus for phase-sensitive time-of-fhght detection of
ballistic phonon packets. The subsvstems ol the apparatus are a frequency-modulated CW
dvc laser probe beam, a pulsed Nd:YAG laser beam used to generate phonons in the sample
held at 1.6 K in an optical immersion crvostat, and high-speed laser-frequencyv-modulation
detection clectronics. Dectails for cach of these subsvetems will be presented first, folowed
by a bricl claboration for ccrtain components and the procedure used to obtain phonon

time-of-flight signals.

A single-frequency ROG dve laser (DL, Coherent 599-21) beam with a jitter-limited
linewidth of 3 M1z passcs through a araday optical isolator (O, an amplitude stabilizer
(AS). and a LiTaQ, clectro-optic phase modulator (FONM, Cryvstal Technology Model 6100)
driven at 250 MIl7. The phase modulator produces a frequencv-modulated laser beam which
is reflected from a confocal Fabry Perot ctalon (FP) with 7.5 G/ free spectral range, is
attenuated with fixed and variable attenuators (VA), and can be blocked with a mechanical
shutter (SI1) while performing diagnostics with the I'P. Opening the shutter allows the dye
laser beam to pass through a high-speed acousto-optic modulator shutter (AOM, Isomet
1205-603D) and to be focused into the sample (S) with « lens (1), The transmitted probe
beam is detected with a high speed Si avalanche photodiode (APD, Analog Modules LNCA,
275 MI1z bandwidth, -210V bias). The laser beam diameter varies from 75 to 100 g in the

sample.

A Q-switched Nd:YAG laser (YAG) is operated at 1.06 pm and produces § ns long pulscs
at a repetition ratc of 6 Ilz. The YAG laser beam is sphit with a glass beam splitter (BS)
to produce detection-triggering and phonon-generition beams. The reflected YAG laser beam
is converted to an clectronic trigger by a 300 MIlz bandwidth Siop-i-n photodiode (PD).
The transmitted beam is cxpanded and apertured to 0.1 cm for uniform illumination, and is
attenuated to 1-10 pi/pulsc with a polarizer () before hitting the <ample. Since the APD
can also detect YAG laser scattered light, anv scattered YAG radiation is blocked with

scveral short pass interference filters (1),




The AOM in the probe beam is used as o fast <hutter to expose the sample to the
probing light for only a short time about the YAG firing tune (the reason for this is explained
below). The AOM nceds to be turncd on some time before the YAG laser lires. Since the
YAG laser lamps firc before the YAG reaches threshold, the Tamp signal is used to trigger
a digital delav generator (DPG), the output of which is used to open the AOM. litter in
the lamp-to-lascr firing time is unimportant, since the transient digitizer is triggered by the

laser pulse itscll.

Standard laser I'MS techniques arc uscd to sensitively detect the time variation of a
persistent spectral hole in a 20 Mz bandwidth 722 e sensitivity results from detection
at a frequency above the laser excess noisc spectrum where the laser noisc is mostly shot
noise. An RF source operating at vgy = 250 MI1I, and + 7 dBm is spht with a -10 JdB
directional coupler (DC), the split signal of which is phase <hifted (PS), amplified (A, +32
dB), and used to drive the LOM. The through port of the DO drives the tocal oscillator (1.O)
port of the RF mixer (M, Minicircuits ZI'M-3). As is usual in I'MS, the frequency spectrum
at the output of thc EOM consists of a carrict (the dve laser frequency) and two sidebands
spaced above and below the carrier by e with onc sideband in phase with the carrier and
the other sideband 180° out of phasc with the carrier. When heterodyne mixing of the
sidebands with the carrier occurs in the APD, i 180° phase difference results between the
two beat signals at vge. With the sidebands balanced, the beat <ignals cancel and there is
no R photocurrent from the APD at vy, 11 a sharp spectral feature such as a persistent
spectral hole with width on the order of vy is probed by the sidebands, the resulting
imbalance in the sidebands is translated into a photocurrent in the APD at vee. The detected
RT signal is amplificd by A2 (+34 dB gain, 2-500 MIiZ), and sent to the RE (R) port of
the mixer. At the 117 (1) port of the mixer, a 20 M, Tow pass filter (1 PEFD) blocks sum
frequencies, and passes the envelope of the RI7 signal which emerges from the AP in oo 20
M1z bandwidth about vy, The (time-dependent) envelope wgnal is further amphificd in A}
(gain of 20, 0-150 MII2) and sent to cither (1) a transient dipitizer (TD) to record the phonon

timc-of-flight signals with the laser frequency held fixed, or (2) o 2 Kz Tow pass filter (1LP12)
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and an oscilloscope (OSC) to obtain a PN «pectrumy of the hole <hape by tuning the laser

frequency ahout the hole.

Before phonon time-of-flight spectra arc obtained. & PSH is burned in the <ample
absorption spectrum. The probe faser 1s tuned to the red of the 607 nm ZPL, the positions
of the laser beams arc sclected in the sample. and the crvstal is oriented normal to the probe
beam. The probe laser polanzation is sclected with a Tresnel rhomb and the faser 15 tuned
to a position ncar the center of the ZPL at a wavelength between 607,145 and 607.135 nm.
The laser vacuum wavclength is measurcd with a wiavemeter. A PSIL ic then burned into the
ZPL spectrum with the dve laser frequency fixed, I'NM ofl, and the AOM on. The hole

burming time is tvpically S to 7 min using 200 oW in a beam diameter of 75 pm.

Aflter a hole is burned, the PSH I'M spectrum is displaved on the OSC in order to adjust
the RI" phase and sclect a laser frequency [or phonon detection. The adjustment process
requires about a minute, and so the probe laser intensity is reduced to 2 1W to reduce
subscquent hole-burning during the set-up process. At this power fevel, the 2 k117 fow pass
filter bandwidth of LPI2 is adequate for recording the PSIT I'M spectrum with a

signal-to-noise ratio (SNR) of about 10 in one 0.25 < scan.

I'igure 3 shows PSIT shapes in the Nal© 607 nm ZP1 at 1.6 K as measured with ['MS
by scanning the dyc laser. Figure 3 (a) is the absorptive or S, phase (in phase with the RIF
source) and (b) is the dispersive or S, phase (quadrature phase) PSH frequency modulated

23

spectrum 2 The S, phase spectrum in Iig. 3 (a) containg two copies of the absorption

hole shape, cach produced as an I'M sideband is tuned through the PSIL Modceling the 1M
line shape reveals that these holes have hole widths (I'WHINDY on the order of the modulation
frequency of 250 M1z, This hole width i« comewhat Lirger than the true low-intensity width
of 45+6 MI17 '? duc to the need 1o use relitively tight focus i the sample. The S, phase
spectrum is composed of three overlapping copics of the PSIT dispersion, one centered at the

hole burning frequency, and two others displaced by vy with hall the amplitude of the

central feature. The depth of the absorption hole producing the UM fineshapes in Fig. 3 s




calibrated using the size of the reflection dip of the cralon and the ctalon M «pectrum,
[Toles burned ncar the middle of the sample tvpcalle concst of about a 3% chinge in

transmission.

To obtain phonon time-of-flight signals, the RT- phase of detection i< <elected to be cither
S, or S, the ctalon signals arc tuned awav from the PSIHL and the laser [requency s fixed.
In S, phase, the laser frequency is lixed at the hugh <dope reeion at the center of the hole
spectrum (g, 3 (b In Sy phase, the Iaser frequency is fixed at the negative peak of the
ncgative copy of the absorption hole (Fig. X (an. With no madulation of the hole shape,
the output of the mixer remains constant at zero (for Sy) or at the negative peak value ((or
S1). When phonon pulses propagate thre agh the hole-burned volume, the PSH splits under
the influence of phonon stress and straun, and the hole modulation <ignals arc recorded and

averaged on the TD.

As is well-known for specrral holes in colar center 7P| 1 eveessive reading intensity
can cause distortion of the PSH shape by additional hole-burning. At the same time, since
the fast phonon time-of-flight signals arc recorded with a 20 NFH, detection bandwidth,
higher reading powers are required to maintain SNR compared to the case with 2 kil
bandwidth. To satisfv these conflicting requirements, the aconusto-optic modulator (AONM)
1s used as a shutter to transmit the 20 oW dve laser heam to the sample onlv durmg the
phonon time-of-flight dctection period. This reduces the dutyv cvele to (100 sy (6 1) =
0.0016, where 100 pus is the longest recording interval used. ach time-of-Mght signal is
tvpically averaged over 1500 YAG laser shots, for a <gnal itegration time less than 0,18
seconds per averaged trace, but the total expertment time is nearly d minutes, In this
manner, a higher phonon time-of-flight SNR < achicved with Tower total probe laser flux

and insignificant additional hole burning.




II1. Detection theory

Phonon propagatio: experiments frequently emplov pulsed Lacer heating of a metal
surface to generate phonon pulscs FO027 1 the nonablative, low-power or thermoclastic
regime the laser radiation is absorbed within a few hundred A of the metal surface. The
microscopic view at low temperatures is that the absorbed lacer energy quickly converts to
lattice vibrations or phonons with a uniform distribution of phase velocity directions. TFor
the YAG puisc fluences used in these experiments, the surface temperature is estimated to
be higher than 15 K, which results in a distribution of phonon {requencies up to
approximately 0.5 T11/.. This frequency is well below the optic phonon spectrum and in the
range of acoustic phonons for Nal”. The laser-pulse-gencrated acoustic phonons propagate
into the cryvstal in three separate cxpanding <hells or wiave packets, one composed of
longitudinal and the other two composcd of transverse acoustic phonons "2 Since the
phonons contributing to the ballistic phonon pulses we observe are of fairlv Jow frequency
and in the hnear dispersion region, we may in a rcasonable approximation focus on only onc
tvpe of low-frequency phonon at a time. This is a result of the Met that all the phonons
of intercst in a particular polarization propagating in a [ixed dircction have the same velocity
characteristics.  The resulting total signal will be o superposition of the phvsical cffects from

all the phonons present.

The basic idea bebind detecting a phonon with a persistent spectral hole is that the
phonon is a travelling stress-strain ficld and that the spectral hole splits and shifts under the
mnfluence of stress and strain. The ability of the probe Liser beam to phase-sensitively detect
the perturbations duc to the local stress-<train fiekd depends upon the detection bandwidth
as well as the relative size of the probe beam dinmeter and the phonon wavelength.  In these
experiments, the probe beam diamcter is smaller than one-hall” the minimum acoustic
wavelength expected for 20 MIT7 phonons in Nal’; therefore, the ability to follow the time

dependence (and sign) of phonons up to the bandwidih Timit of 20 ML/ is expected.




-9.

In the standard anisotropic continuum limit, a wave cquiation for the displacement of

. . . . . 2.
volume clements in the solid has planc wave solutton< ol the form
u(r.t) = u, cxplik e v - mti]. (n

where u, is the polarization of the acoustic wive, K i< its wave vector, and o is its [requency.,
There arc three different phase velocity surfaces v = (/KK in k space where k is a unit
vector in the direction of k. The three surfaces correspond to dilferent orthogonal
displacement polarizations. The phase velocity surface with polarization u. nearly parallel
to v, is known as the quasi-longitudinal surface and the other two arc the quasi-shear or
quasi-transverse surfaces. The strain tensor for the displacement wave in Eq. [ is formed

. . . ™, 22
from the symmetric part of the gradient tensor and has (real) cemponents

a~=—%(uiki+ulk,) sin(-k--? - mt). (2)

1

Equivalently, the stress in the wave may be computed through the clastic stiffness tensor as
n!i = (‘v(kl,:klv (3)

where summation over repeated indices is assumed. Tt s useful to work with the stress tensor
. . . . . . . 13
since a connection can dircctly be made to previous waxial stress calculations  and

: 4 .
experiments = for the 607 nm Nal’ color center.

. . .. 33 : . o A .
I'ollowing Kaplyanskii,”™ the absorption (requency shift for o <ingle defect under

externally applicd stress may be written in a lincar approvimation s

A=Apa, FALa Ao, 2N o 82N a0 2N ()

XX T xx AR R ) A\ %4

where the Ay arc the components of the piczospectroscopic fensor for the defeet. The
piczospectroscopic tensor components depend on the svmmietiry allowed possible defect

oricntations in the crystal.
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The svmmetry of the #07 nm Nal” color center used in this work was previousty examined
with polarized spectroscopy of the entire ZPL under uniaxial siress  and pseudo-Stark
sphtting of PSIHs under DC clectric fickis™. The 607 nm Nal* color center has C, svmmetry
and its ZPL transition moment u is perpendicular to the 11108 oriented defect reflection
planes 2 Defects with C. svmmetry in a cubic lattice arce referred to as monaoclinic type |
defects, for which there are twelve cquivalent but distinet orientations of the {100} oriented
defect plancsn. The presence of a reflection planc of symmetry limits the number of
independent Ay to 4, which are labelled A, with i = 122 and 4. Table | presents the cnergy
shift coeflicients in Eq. 4 for cach of the twelve defect orientations. By examining Table ]
and [q. 4, one can sce that cach defect orientation has a difTeicnt absorption frequency shilt
for an arbitrary stress. With no applicd stress or strain, defects with the same transition

cnergy arc orientationallv degencrate. The P'SHT splitting results when phonon stress lifts the

orientational degeneracy.

To usc these frequency shiflts as a detector of stress or strain, we must also know the
amount that each of the possible defect orientations contributes to a PSH, i.e. we neced the
size of the components in the splitting pattern. These arc not the same size as the
components in a lincar absorption splitting pattern. Defects with transition moments in a
direction #; are hole burned at a rate proportional to i, e pl7. where p is the laser
polarization. For shallow holcs, the contribution to the hole depth is proportional to the
product of the ratc at which defects of a particular orientation are hole burned and their
unburncd absorption strength, i.c. defects with g, contribute an amount £ = {;i, e Pl to the
hole depth. In the cxperiment, the laser is lincarly polarized in the x-7 plane (sce Thg. 1)
with direction cosinas o and y from the x and 7 directions, Table 1 also <hows the
unnormalized contribution [, that cach defect orientation provides to the hole depth in terms
of the laser polarization dircction cosines. With the values in Fable I, anv splitting pattern
may be computed for a persistent spectral hole burned in the Nal” 607 nm color center /P11

for an arbitrary stress and laser polarization in the -7 plane.
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Before using the complcte hole splitting pattern to calculate the phonon signals, we
consider the signal that results from @ net frequency <hilt of the entire hole. A shift of the
entire hole displaces the I'M spectra in Ilig. 3 along the lrequency axic. The highest sensitivity
is obtained at the center of the dispersion-like S; signal in Fig. 3 (b)Y, since this is the position
of highest slopc in the PSII I'M spectra. Note that the sign of the signal indicates the sign
of the net frequency shift of the hole. On the other hand, when the stress produces a
svmmetric splitting of the hole, no large signal results for laser frequency fixed at the center
of the S, spectrum. . Ilcnce, it is aiso usclul to detect the effects of stress for another laser
frcquency and RY phase, as shown in Fig. 3 (a). With the laser frequency fixed at the S,
ncgative pecak in I'ig. 3 (a), any splitting pattern of the hole, svmmetric or asvmmetric,
decreases the hole depth which is detected as an increase in signal. The sign of the signal
in S, phase is alwavs positive regardless of the tvpe of «plitting.  In other words, the center
of S, is used to phasc sensitively detect net (requencey shifts due to asvmmetric splitting, and

the peak of S, is used to detect any splitting.

The S, signal for the three probe laser polarizations used in the experiment may now be
- . . : ) PX]
computed. The dispersion for a Lorentzian-shaped shaped hole mayv be written
v(F7/2)

H(V) =8 = |. (9
R

where 6, is 2 magnitude factor, " is the tull width at half’ maximum of the absorption hole,

. - . . 2.1
and the hole is centered at zcro frequency. The S, spectrum is proportional to

Sy{v) ~ hlv — v ) bh(v 4 vy ) = 200 (0)

The approximation assumed i Tiq. 6 is the limit of siadl moduliation index and shallow

holes. A modulation index ncar I is used in these expeniments, for which higher order terms
in vey should be important in the entire spectrum S, (). TTowever, we will only be concerned
with the slope of the Sy(v) spectrum near the center of the PSIT and thus can negleet these

higher order terms with targe spacing from the center of the hole. For a small shift of the
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entire holc by A, a lincar approximation to the the Ss phase signal with faser frequency fixed

at the burn f(requency is

21!

T2 |
S~ =d | 1+ (= ) | A=t T & (7)

where F(vrr, I, §,) 1s constant for fixed ver, [ and S, 1'q. 7 recasonably predicts that the
slope of the S, spectrum increases with the hole size §,, increases with the I'M sideband
spacing vre, and decreases with the hole width T When the orientational degencracy of the

hole is lifted by stress, the S, signal is proportional to

where the component sizes i and the shifts A, arc computed rom the information in Table
1. Note that through Table I, [iq. 8 is lincar in the small stress or strain tensor components

of a phonon (Lq. 8 may be written in terms of the strain using Fq. 3).

In the experiments presented in subsequent sections, three different probe lascer
polarizations where examined: (1) +45 ° (e =y = 1/y2 ), (2) =4S " (o ==y =1/42), and (})
horizontal or 0 ° (a =1, y =0). The S, signals for these three laser polarizations arc

Y 2 i

computed from [Iq. 8 and Tablc | to be

5;45 ~ '[l:'%' LAY + 9700, HBA L 2\ a A F9A0a,, — 167, ], (%)
52—45 ~ir-l—lo' LA+ OA ) +(RA] 2\ )e 4 (A AN, + TOAa, ], ()
0

Sl~-[l—_.[(/\2)”xx + —;-(A' b "\.’)ﬂ,\'\ ’ %“\' : "\JM/,' : (e
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The quantitics in Eqs. 9 involve onc ofl" dizgonal or <hcar stress component, and lincar

combinations of thc diagonal or axial stress components.
Taking sums and differences of the §3* and S,* expressions gives

—45 445

%(S2 -S; )~—}i— Az (10a)

AN

'/:lx

% (53 + 83 ~ _[r"% A, +9ADT + (8AL - 20 oy + (A, +9A)a,, ). (10b)
Notice that taking the sum and difference of the S;* and S,* <ignals separates out onc

ofl-diagonal shear stress from the diagonal or axial stresses. In other words, through suitable
choices of laser polarization and lincar combinations of small signals, it is possible to obtain
individual stress tensor components for phonons propagating inside a crystal. By converting
the measurcd phonon stress tensor componcents to strain with Iiq. 3, Iiq. 2 can then be used

to obtain information about the phonon wave vectors and polarizations.

The high symmetry of a cubic crystal simplifics computation of the strains from stress.
Cubic symmetry limits the form of the elastic stifTness tensor in i, 3 such that the diagonal
stress-strain relations arc decoupled from the off-diagonal stress-strain relations . For
instance, the ofl-diagonal stress and strain arc simply related by g = a,/2C4, 1 # . and the

diagonal stress and strain mix among themsclves.

. .. : k! , . 1
Using Kaplyansii's uniaxial stress calcutations, and Baumann’s uniaxial stress data.
an cstimate for the piczospectroscopic componcents mav be obtained for the Nal” 607 nm
)

color center. The A, are picsented in Table 2. These cocflicients will be useful in gauging

the sensitivity of the technique used here i measwing phonon stress and strain,
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IV. Phonon detection sensitivity and probe polarization dependence

A. Experimental results

[ligure 4 shows the phonon time-of-flight <ignals for three probe laser polarizations
detected in S, and S, I'M phase with the probe laser (requency fixed at the arrows in Tlig.
3. The probe laser was positioned at x = 0.94 cm from the Cr surface and was vertically
centered (7=0). The 0.1 cm diamcter YAG laser spot was horizontally centered on the Cr
face (y=0), and displaced to 7z = 0.05 cm. (The mmportance of the YAG spot displacement
will become apparent in Sec. V). The YAG lacer [iring time is at 7zcro on the time axis in
IFig. 4. The S, phase signals are at 0 V and the S, phase signals are near -0.75 V. The
scparation between the S, and S, signals ncar t = 0 s the S, I'M spectrum negative peak
size, and approximatcly the size of the S; I'M spectrum peak value. TFor 1500 averages in
a 20 Mz bandwidth, the noisc lcvel is about 5 24 of thic peak value of the §, or S, spectra,
which corresponds to a change in transmission of about 0.1 %a. The signals shown in Iig.
4 clearly represent shifting and splitting of the persistent spectral hole, since no signals arc

obtained il the same experiments are performed with no persistent spectral hole present.

Signals larger than the noise only appcar more than 1.5 ps after the YAG laser fires.
The S, signals arc relatively simple compared to the S. signals -- each of the §; signals
contains two large peaks with some structure. The S, «ignals show no qualitative dependence
on probe laser polarization. By comparison, the S, signals show much more complicated
strucluré. The largest S; signals correspond to the largest Sy signals, but there are many
morce S, signals above the noisc in FFig. 4. Some signals are expected to be smaller in §,
phasc, since the PSH peak size is less sensitive to small frequencey shilts than the high slope
of S; (sce Fig. 3). For purposcs of later discussion, each of the various signals has been

labelled 1., 1y, Ly, T Ty Ly, and Ly in Fig o
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The features [, I, Lj and 13, which <how an arvival time correspondence in the S, and
S; signals can be compared for an understanding of the splitting behavior of the PSIL As
described in Scc. [11, the S, signals only respond to asymimetric splitting (with a nct shift)
and §, rccords any splitting, however less sensitively than S,. The 1., pulse shows a net
upwards frequency shift of the hole in anv polarization.  Comparing the S, and S, signals
as L., crosses over into I, onc observes the PSIE to partiallv recover its unsplit condition,
and then split again with a nct negative frequency shift. The I, pulse is very narrow (20
MI1z bandwidth limited), but the 1., tail following the 1., pulse lasts for about a microsccond.
Note that the L} and L; signals mimic the 1., and I, signals, but with an overall change of

sign, and a shorter L; tail.

Unlike the L signals, the T signals show a qualitative dependence on the laser
polarization. Note that the T signals in Fig. 4 (a) and (b) cach consist of a [requency swing
of one sign followed by a frequency swing of the opposite <ign. This shape shall subsequently
be referred to as the “derivative shape” of the T signals. The derivative-shaped features
labelled T, and T, change sign for probe laser polarization changing from +45 2 to -45 ° in
Iig. 4 (a) and (c). Note that the T, and T, <ignals arc much smalier in Fig. 4 (b) for

horizontal probe laser polarization.

Onc perplexing aspect of the S, signal is its richness. A <imple view of pulsed phonon
propagation is that for an arbitrary displacement within the solid, onc longitudinal and two
transverse modes are generated, with the transverse modes propagating with roughly half the
longitudinal speed in Nal’. The multitude of S, arrival times observed cannot all be
rcconciled with phonons travelling in necarlv a -~ 100 - crvaal direction.  An identification
of the phonons giving risc to these signals will be atded by the Taser beam position
dependences in the Scction V. In the next subsection, the tepes of stress and strain that give

rise to the signals in IFig. 4 arc examined using the results of Scction 111,
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B. Analysis: stress and strain detection sensitivity

To determine the I'M signal <ensitivity to phonon stress and strain, an individual stress
component will be separated out as described by Eqs. 10, Figure § shows fincar sums and
difTerences of the $§* and S;* traces taken from Fig. 4. (a) and (h). Tig. 5 (a) is proportional
only to the time variation of the a,, stress or £, strain. Figurc S (b) is proportional to a
linear combination of diagonal stress o5 or strain g componcents. ‘The S% signal from T'ig. 4
(b) is presented in I'ig. 5 (¢) for comparison. Comparison of I'ig. 5 (b) and (c¢) shows they
arc qualitatively similar, which is consistent with the idea that cach is a lincar sum of a,; (I:qs.
10b and 9¢). Before computing the sensitivity to stress and strain, a few initial comments
about the varictics of stress and strain giving rise to the 1. and I signals shall be made, which

will be used in phonon identification in later scctions.

The largest features in the ¢, trace in Fig. S (a) are the T, and T, derivative shapes.
Notice that the T, and T, derivative shapes are missing from Tiig. S (b). Instcad, the T, and
T, signals in Fig. 5 (b) each consist of broad, positive frequency swings. In other words, the
derivative shape in the T, and T, signals results only from ., shear stramn. Also notc that
the T, and T, dcrivative shapes arc about the <ame «ize in Fig. S (a), but in Fig. 5 (b) the
T, positive peak is larger than the T; peak. Thus, the T, and T, signals have similar ¢, shear

strain, but dissimilar sums of ¢; axial strain components.

In contrast with the T signals in I'ig. S (a), the largest signals in g, 5 (b) and (¢) arc
the I. features. Notice that the I. signals arc largelv missing from g, S (). Ilence, the L

signals result only from axial stress a; or strain £; components.

The sensitivity of the technique to an individual stress or stram component is computed
as follows. With 1500 averages and a 20 NIy handwidth, the S, signals have a noisc level
which is § % of the peak of the S, spectrum, or about 38 mV in Fig. 4. The slope at the
center of the S, spectra for ig. 4 is found using the <lope in Fig. 3 (b) and the S, to S, signal
spacing in IFig. 4 to be about 14 mV/MIEz (Computing the prefactor F/T i g, 7 gives

about 10 mV/MI11/, if onc uscs 0.75 V as a conservative guess for &, and T = 250 MI1,. We
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will use F/I" = 14 mV/MIHz below.) The noise level in the combination of signals
(S:% — $3%)/2 in Fig. 5 (a) is 38/J2 =27 mV. IHence. a stgnal to noise ratio /N = 1 in
(S:* — §4%)/2 corresponds to an average frequency shift of the PSH spectrum by 27/14 = 2
Ml 1z, which coincidentally is the jitter linc width of the laser. Utilizing I/ = 14mV/ M1z
to convert the proportionality in Fqs. 9 and 10 to an cquality, the a,, producing S/N = |
in Iig. § (a) is o, = 220 N/m? = 0.002 atmospheres. The corresponding shear strain is

Exx = (7“/2(?44 = 4 X l()-.‘)-

Onc should keep in mund that the values computed above are averages over the probe
volume, which the phonons mav not uniformly irradiate. In genceral, crystalline clastic
anisotropy causcs the phonon group velocity and the phase velocities to have difTerent
dircctions. A large solid angle of phasc vclocity is often channcled into a small solid angle
of group velocitics resuiting in an energy [lux enhancement in certain crvstal directions. This
phenomenon has been termed phonon rocusingm. I'nergy focusing factors for special crystal
directions have been computed by Maris, *which give values between 3 and 0.4 for Nal at
low temperatures. [Elastic wave cnergy is quadratic in the stress and strain. [lence, for §/N
= 1 in Fig. 5 (a) the corresponding shear stress and strain fickds inside the probe volume

may have peak magnitudes larger than 220 N/m? and 4% 10 by a factor of /3 .

These results may be compared and contrasted with the carlier phonon detection experiments
of Lengfeliner, ct al.". The acoustic cchocs detected in that work bv observing the changes
in transmission at the center of the spectral hole were not sensitive to the phase of the
ultrasonic pulse. The scnsitivity of our I'MS approach is suflicient to exceed the strain
sensitivity of the carlicr work with an increased time resolution ([rom S ps to SO ns), and
allow for phase scnsitive detection of phonons up to 20 M1/ While this simple comparison
has not preciscly included the difference in detection bandwidth far the two experiments, it

is clear that at lcast the phasc-sensitivity of the I'MS approach is unique.
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Y. Laser position dependence and phonon identification

A. Experimental results

To further investigate the origin of the various signals in Iigs. 4 and S, the pump and
probc becam positions arc varicd. Figure 6 shows YAG spot position dependence with a 0.1
cm diameter YAG spot horizontally centered (v =0), but with diflerent vertical positions
(different 7). The YAG spot 7 positions arc indicated an the side of Iig. 6. The I'M probe
beam is vertically centered (z=0), and sct ncar the middlc of the crvstal at x = 1.07 cm.
ior the traces in Fig. 6, a single persistent spectral hole was burned and probed with +45°
laser polarization. By cxamining [Fig. 6, onc obscrves that the [ signals depend little on the
YAG spot vertical position. By contrast, the derivative shaped T signals show a strong

dependence on the YAG spot position.

As the YAG spot moves through the probe lascr plane 7 = 0, the derivative shaped
portion of the T signals become narrower, disappcar for 7 = 0. and rcappcar with the
opposite sign and broaden again. When the YAG spot is centered in the planc of the probe
laser, the T signals that remain appecar to be the positive frequency swings found in Fig. S
(b). In other words, the positive and ncgative parts ol the a. derivative shaped T signals
overlap in time and cancel when the lasers arc vertically centered in the crystal. A possibility
for the change in sign of the a,, derivative shape is that two dilTerent stress pulses containing
a,. of opposite sign travel over different paths to the probe beam. With the YAG laser
ccntcrcci, these path lengths balance and the combined a4, stresses cancel. With the YAG
beam vertically ofT center the paths are not the same length and the a4, of one sign arrives
hefore the a,, of the other sign. In other words, these paths involve some vertical (7)
component of motion so that onc path becomes shorter and the other longer by vertical
YAG displacement. To further investigate the dilTerent pathe that the phonons follow, the

probe beam is also displaced within the crvstal.
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Figure 7 shows the pulsed phonon signal dependence on the probe beam horizontal
position. The YAG lascr spot is centered on the crvetal end face. Fhe probe beam is
vertically centered (7 = 0), and displaced horizontallv in increments of about 0.15 cm. The
probc beam x values arc shown on the side of Fig. 7. For cach prohe laser position. a new
persistent spectral hole is burncd and probed with 4457 probe laser polarization. Dashed
lines arc drawn in Fig. 7 to mark the movement ol the virious signals as the probe beam

moves.

Considering the L. signals for the moment, one sces that I, and Ly arrive later and 1]
and 1. arrive carlicr as the probe laser moves awayv from the Cr. It is apparent that [, and
I.; are two parts of a single signal, and similarly for 1 and 135 The L,-L; arrival time is
consistent with longitudinal acoustic (LA) phonons travehng in a [100] crystal dircction at
(6.24 + 0.03) x 10° cm/s, which is the highest acoustic velocity in Nal'. As the probe laser
moves away {rom the Cr, it moves closer to the other end of the crystal. The decreasing
Li-L; arrival time is consistent with the return of the LA [ 1007 phonons to the probe laser
volume after a reflection from the far crystal surface. In fonger time traces (not shown here),
as many as 10 reflectcd LA [100] phonon pulsces arc observed, with the time interval between
cvery other pulse corresponding to an LA [100] phonon round trip time in the crystal. As
observed in Fig. 7, the reffected Li-1; signal is opposite i sign to the L,-1,; signal. After
cach reflection a sign change is obscrved, so that LA [100] phonons travelling in the +x
dircction have the L,-L; sign, and rcflected LA phonons travelling in the -x direction have
the Li-L; sign. This 180° phasc change is cxpected for an acoustic wave reflected at an

interface of low acoustic impedance to high acoustic impedance such as the Nal--lle interface
1738 -

The movement of two other signals can clearly be followed in Fig. 7. The Toand T,
signals also arrive at later times as the probe laser moves away from the Cr surlace, but
more slowly than at a fixed multiple of the 1-1, T A [100] arrival time. Data similarly taken
with the YAG spot ofl center show that the o« 1y derivative <hape (see Fig. 6) follows the

movement of the ¢, T, pcak in Fig. 7. [t is diflicult to follow the movement of the T, signal,
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as the region after the T, signal becomes complicated for some probe laser positions. A

possible recason for this will be expiored in the next section.

The data in I'ig. 7 are presented in a difTerent wav in Fig. & to aid [urther in signal
identification. In Tig. &, the time axis for cach trace in Fig. 7 has been normalized to the
Ly pulsc arrival time, which transforms the time axis to a relative velocity axis for [100]
propagating phonons. In particular, [100] propagating transverse acoustic (TA) phonons
which travel at approximately 12 the 1A [100] speed should produce a signal near 2 on the
relative time axis in Iig. &  Remarkably, an examimation of I'ig. & shows that there arc no
additional signals that linc up, 1.c. the TA [100] phonons appear to be miscing. Signals that
do not line up when the time axis is converted to a relative speed axis as in Fig. 8 must either
(1) result from delayed cmission from the surface, or (2) do not travel in [1007 crystal
directions, or (3) do not travel bailistically (at constant speed). The precent data cannot be
used to rule out possibilitics (1) or (3), but condition (2) is the most reasonable possibility

consistent with the results of Tigs. 6 and 7.

In IFig. 6, it was found that different paths arc followed by the positive and negative parts
of the &, pulses in the T, and T, signals.  Alco, these paths involve some vertical component
of motion so that onc path becomes shorter and the other Tonger by vertical YAG
displacement.  This is consistent with onc pos<bility from Tie. 8 that the Ty and T, signals
arc not from TA phonons propagating in ncarly the [ 100] crvstal direction. In order to have
both a vertical component of motion and to reach the probe volume, these phonons must
rcflect ofT the upper and lower side walls of the ervstal. One mayv then propose that the
Ly, Ty and T, signals all result from phonons propagating in directions widehy dilTerent from
the [100] crystal direction. In the next <cction, an identification of the 1, 1), and T, signals

as side wall reflected phonons is made.
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B. Analysis: Phonon identification

Three different concepts about phonon generation and propagation in crvstals are used
in this section to cxplain the various phonon stress-striin stgnals observed in Nal', The main
resuits are revicwed below, and then discussed in erms of the phonon hot spot at the surface,
phonon focusing in crystals, and phonon mode conversion upon reflection. The features
observed by mcasuring the stress and strain of pulsed phonons inside of a Nal” crvstal are
summarized as follows. The LA [100] propagating phonons are the first phonons to arrive
and consist of a compressional pulse followed by a difational tail (1, - [, TA [100]
phonons are expected to arrive at nearly twice the 1A [100] phonon arrival time, but arc
not observed by our choice of gcometrv and polarizations. Instead of observing the TA
[100] phonons, many other phonon signals are observed (1., T, and T,), and their behavior
1s consistent with side wall reflected phonons travelling in directions widely different from the
[100] crvstal direction. The #,. shear stramn and r, axial strain portions of the 1, and 1,
signals have been separated, as in Fig. S0 The |, and 1, derivative shapes result from r.,
shear strains and arc about the <ame in size (Fig. S (). The o, strains rellected from the
upper crystal face arc opposite in sign to those reflected from the fower crvstal face and the
difference in arrival times for an ofl center YAG spot produces the positive and negative
going derivative shape. The sum of axial #, <train components for 1, and T, appears to be
compressional, and the T, peak is larger than that for 1. (Fig. S (b)), The small T negative

[requency shift of the hole appcars to involve a dilitional sum of », axial strains.

In order to discuss phonon propagation within a crvstal and mode conversion upon
reflection, it is necessary to introduce the slowness and group velocity surfaces. figure 9
shows the slowness and group velocity surfices computed for Nal” at -1 K in a (001 crvetal
planc. These have been computed using published formulae and 4 K elastic constants
The slowness vector is in the same direction as the phave velodiy or k but has a magmiude
that is the reciprocal of the phasc velocitv. Phere are three such surfaces (Fig, 9G0). The

outermost surface with circular cross section v the (001 planc is the pure shear or pure

transverse (PT) surface, and has polarization nommal 1o the (001 plane. The surlirce
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degencrate with the I surface in < 100 > crvsral directions s the quasitransverse (Q7)
surface, and has polarization in the planc, but not necessarilv normal to the slowness or k
dircction. The innermost surface is the quasilongitudinal (Q1) surface, with polarization in
the planc and nearlv parallel to k. A point on the surface specifies the direction of the
slowness or the wave vector k As shown in Fig. 9 (a), the normal to the slovness surface
specifies the direction of the corresponding group velocity \V’ﬂ. Note that the group velocity
and phase velocity are not necessarily in the same direction. Most of the normals to the
QT surface point in dircctions close to the ~ 110> directions.  Ia other words, large solid
angles of k for QT phonons arc channeled into small sofid angles of group velocitics near
the < 110> crystal directions. This channeling of the energy into a small solid angle is
known as phonon focusingm. The concave shape of the QT surface produces the cusps in
the group velocity surface i Fig 9 (b), and these are a characteristic signature of phonon

.26
focusing™ .

Inspection of the QI. surface in Fig. 9 (a) <hows that there is some enhancement of the
QL. phonons not in the < 110> dircctions, but rather in the - [00 ~ directions.  Focusing
factors expressing the amount of enhancement in high svmmetry directions have been
calculated™. Using 4 K clastic constants "o compute the enhancement factors lor Nal,
one finds QL. phonons arc enhanced by a [actor of 2.0 near the < 100> dircctions, and QT
phonons arc enhanced by a factor of 2.3 ncar the - 110 - crestal directions. Enhancement
of the the LA phonons in the < 100> crystal dircctions i« consistent with the strong 1A
{100] phonon signal labelled 1., — 1.,. An cxplanation for the absence of [100] propagating
TA phonon signals, which would have been measured by therr ¢, ~trans, is that the TA
phonons arc defocused from the [1007 divection. Toweser, FA phonons are focused in
~ 110> directions, which gives rise to the varnety of <ide wall reflected phonons as explained

helow.

I’honon focusing considerations are consstent wath the ohaervition of i strong TA
[100] phonon signal, no detectable TA [100] phonon, and most other signals appearing as

side wall reflections if onc takes into account made conversion upon reflection. As is
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well-known, reflection and transmission of a single acoustic mode at an interface generally
involves acoustic mode conversion ™ 2. The 1. Ty, and Ty apnals mayv then be explitined
as follows: LA phonons incident on the side walls (travelling in approximately the = 110>
crystal directions) are specularly reflected as T A phonons and partiallv converted to TA
phonons. TA phonons incident on the <side walls are reflected speculiarly as TA phonons and
partially converted to LA phonons. The arrival times of the 1, and 1, signals arc consistent
with LA to LA and TA to TA side wall reflected phonons, respectively. Strong locusing of
the TA phonons in < 110> directions is responsible for the speculariyv reflected TA to TA
I'; signal appearing strongest when the probe laser beam is centered horizontally in the x
dircction, as in Figs. 4 and 5. The complexity in the signals that arive after passage of the
T, signal in IFigs. 7 and 8 can probablv be attributed to a weaker distribution of phonon
modes that are non-specularly reflected upon mode conversion. The arrival time of the
intermediate T, signal is consistent with both T A to TA conversion and TA to LA conversion

upon reflection.

The sign and magnitude of the strains belonging to the observed TA phonons in T, and
T, arc also consistent with the side wall reflection and mode conversion identification. T,
and T, signals both consist of r,, shcar strains that travel to the prabe volume after rellection
from upper and lower side walls with opposite signe for ¢, (Tig. 5 (). By examining Fq.
2. one sces that TA phonons that have «., must be Q1 tvpes of phonons, with u and K both
containing components in the z-x plane. By performing the coordinate transformation

a

7.~ — 7 onc obtains £ ,, = — £, 1.c., by turning the crvstal 180 " about the x exis the sign
of the 7x shear strain changes. This is consistent with the #, <hear component of the strain
pulsc reflected from the upper surfiace being oppasite in sign to the pulse reflected from the
lower surface. In Fig. S (b), the larger sum of ¢, far 1, than 1, result from 't consisting

of both mode converted LA and TA phonone, whereas I'oresults onlv from TA 1o 1A

reflections without mode conversion.

The final result to be discussed is the appearance of the dilational tail (ollowing the

compressional {1007 propagating 1A phonon packet. Tleat pulaes generated at surfaces with




AN

pulsed lasers have been known to produce a phonon “hot «pot” ) consisting of a broad
spectrum of phonon cxcitations P The experimental manifestation of the hot spot is a
tail appearing after the initial phonon pulse as detected with a phase insensitive bolometer,
tunnel junction, or phonon induced fluorescence. The explanation for the tail 1s that the
clastic scattering rate [or phonons is exponential in the phonon frequency, which tends to
trap high frequency phonons near the surface. The high frequency phonons decay
anharmonically to lower frequency phonons, which then escipe from the surface region at
a later time. With our phasc-sensitive technique, we observe directly that the initial pulsc
is compressional in nature, and the hot spot tail is dilational. This new observation within
a single crvstal at low temperatures is consistent with the hot spot interpretation if thermal
cxpansion and pressure reficf are associated with the hot spot. as has been surmised from

. A3, 44
room [Clnpcra[llrc CXPCI’”Y)C!)IS on mctals.

VI. Conclusion

Phase-sensitive optical detection of pulscd-Taser-generated stress-strain waves inside of a
solid has been demonstrated using frequency-modulation spectroscopy (I'MS) of a narrow
persistent spectral hole (PSIT) in a Nal” color center sera phonon line (ZP1). The inherent
sensitivity of the I'MS technique and the spectrad sharpness of PSIs allowed detection of
strains as small as 4 x 10 7 in a 20 MIIz bandwidth. Focusing the probe beam diamcter
inside the Nal® crystal to less than onc-half the minimum acoustic wavelength expected for
20 MI1z phonons in Nal’ allows the probe beam to [oliow the phise or sign of phonons

up to the bandwidth limit.

ITigh sensitivity to strain led to a rich varicty of observable phonon signals after pulsed
laser generation. ldentilication of the vartous types of phonon wiave packets was
accomplished by sclecting different RIF phases ol detection, by burning and probing PST's
with different lascr polarizations, and by moving the phonon generation and probe laser

beams relative to the crystal. A propagating stress-strain wave was shown to <hift the
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frequencics of differently oriented color centers by uncqual amounts. By varying the probe
laser polarization, which varics the contribution from different color centers to the detected
signal, it was possible to distinguish between propagating axial and shear strain components.
The dircctions of propagation of the phonon packets were wdentificd by displacing the phonon
generation and probe laser beams, A combined analvsis of the travelling stram types, signs,
and propagation dircctions led to an identification of the various phonon packet

polarizations.

A direct extension to this work could include observations of surface generated phonon
packet propagation in other crvstal dircctions so that phonon focusing occurs along the dircct
path to the probe region. For example, with a [110] oriented crystal, TA phonon
propagation could be studicd without side wall reflection and accompanving mode
conversion. Since PSIT burning is found to occur in the defect absorption spectra of many
different types of so]ids's, the phase-sensitive phonon detection technique demonstrated here
should also be applicable to the study of diffusive phenon propagation n glasses and

polymers, as well as to ballistic phonon propagation in other crystals
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Figure Captions

Figure 1. Sample configuration for laser generation and phase-sensitive time-of-flight
detection of phonons. A thin film of Cr is evaporated on one face of a single crystal of
Nal. The crystal contains color centers, has polished {100} [aces, and is immersed in
superfluid He at 1.6 K. A pulsed Nd:YAG Taser beam is used to gencrate heat pulses in the
Cr film. A probe laser beam is used to burn a narrow persistent spectral hole in a color
center zero phonon linc. Subscquent frequencv-madulation of the probe laser beam allows

broadband detection of the modulation of the hole shape by the phonon pulses.

Figure 2. [xperimental apparatus for phasc-scnsitive time-of-flight dctection of phonons.
The subsystems of the apparatus arc a frequency-modulated dve laser probe beam (DL), a
pulsed Nd:YAG laser beam (YAG) used to generate phonons in a sample (S) held at 1.6 K
in an optical immersion cryostat, and standard high specd laser M dctection clectronics.

A dctailed description of the apparatus is given in the text.

Figure 3. Persistent spectral hole [requency-modulation spectra. A persistent spectral hole
(PSIT) is burned into the Nal” 607 nm color center zero phonon line at 1.6 K while the laser
frequency modulation is ofl. FM spectra of the PSI arc measured by tuning the laser
frequency through 2 Gliz about the burn frequency while the laser frequency is modulated
at 250 MIlz. The FM spectra are shown in (a) S, or absorption phasc, and (b) S, or
dispersion phase. The arrows point to the frequencies at which the laser is fixed in order

to dctect the modulation of the hole shape by phonons,

Figure 4. Phonon time-of-(light signals for three probe laser polarizations. The probe laser
polarization is fixed at (a) +45 ° from horizontal, (b) horizontal, or (¢) -45 ° from horizontal.
Persistent spectraf holes (PSI) arc burncd and probed in the same polarization. or a given

probe polarization, the time dependence of the PSTH ic monitored at the negative peak of the
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Sy phase I'M spectrum or the center of the S; phase '\ spectrum, as shown in I'ig. 3. Each

trace is an overlay of two traces, cach of which is an average over 1500 Nd:YAG laser shots.

Figure 5. Combinations of phonon timc-of-flight signals for different probe laser
polarizations. Traccs (a) and (b) are combinations of the S, phasc signals shown in Fig. 4.
(a) The difTerence of S, phasc signals for probe laser polarizations at +45 " and -45 ° (i.c.,
the difference of S, traces in Fig. 4 (a) and 4 (b)), (b) The sum of +457 and -45° polarization
S; traces from [Iig. 4 (a) and (b). (c) is the S, phasc signal mecasured with horizontal (07)

probe polarization for comparison with the combinations in (1) and (b).

Figure 6. Nd:YAG lascr spot position dependence of the S, phase phonon time-ol-flight
signals. For cach trace, the 0.1 cm diameter Nd:YAG laser spot is horizontallv centered on
the crystal cnd face (y=0), and sct at a different vertical position (7), as indicated on the
side of the figurc. The probe laser position is fixed in the middle of the crystal, and the probe
polarization is sct at +45 ° from horizontal. FEach trace is an overlay of at lcast two traces
(five traces for z=0, three taken before and two after the other traces), cach of which is an

average of over 1500 Nd:YAG lascr shots.

Figure 7. Phonon time-of-flight signal dependence on probe laser position. For cach trace,
the probe laser is positioned inside the crystal at a new distance from the Cr surface, and a
new persistent spectral hole is burned with 4 J43° probe polarization. The probe distance

from the Cr surface is indicted on the side of the figure. The phonon time-of-flight signals

arec measurcd in S, phase. The YAG laser firing time is at sero on the time axis. The dashed

lincs in this figure trace the movement of the phonon <ignals as the probe position changes.

Figure 8. Phonon time-of-flight <ignal dependence on probe Taser position with normalized
time axis. The data in Iig. 7 arc presented in this Fig. with the time axis for cach trace

divided by the I, signal arrival time.
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Figure 9. Slowncss and group velocity surfaces for Nal” at 4 K. (a) The acoustic wave
slowness surfaces arc shown in the (001) crystal planc. The fiducial marks in (a) are spaced
I x 10 ¢s/cm apart. The normal to a slowness surface gives the direction of the group
veiocity {/,. (b)Y The corresponding group velocity surfaces are shown in the (001) planc.

The fiducial marks in (b) arc spaced 2 x 10°cm/s apart.




Table 1. Persistent Spectral Hole Stress Shift Coefficients for Monoclinic

(Type I) Defects in Cubic Crystals

Coefficient for Stress Component
i ﬁi f; Oxx Oyy Oz Txy Tyz Orx
1 110 o As Az A 2A3 2A4 —2A4
2 110 ot A,y A, Ay 2A;3 —2A4 | 2A4
3 110 ot A As Ay —2A3 | =2A4 | —2A4
4 110 o A, As Ay —2A3 | 2A4 2A4
5 101 e 4y 14 A, Al As —2As | —2A4 | —2A3
6 101 l+y [t | A2 A Az 2A4 2A4 —2A;
7 101 o —y |* A,y A A,y 2A4 —2A4 | 2A;
8 101 o =y [* A,y Ay Ay —2A4 | 2As 2A;3
9 011 v Ay Ay A,y —2A4 | 2Aj 2A4
10 011 v Ay As As A4 2A3 —2A,
1 011 vt A\ As As 2A4 —2A3 | 2A4
12 o1t vt A Aa As —2Ag | —2A5 | —2A4




Table 2. Piezospectroscopic Components for NaF 607 nm Color Centers

i A;
kHz/(N/m?)
0.0+0.2
2.340.8
5.441.0
1.340.3
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