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Peculiar spin echo in thick *He films on boron nitride
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Results are reported for pulsed NMR studies of thick filf@5 layers of *He physisorbed on carefully
prepared hexagonal boron nitride substrates. Peculiar doublet structures in the NMR spin-echo shapes have
been observed for temperatures€9P<1.2 K. These echo shapes are interpreted in terms of a two-component
system:(a) a solid phaséup to 4.6 layersnear the substrate, arfid) a liquid phase near the free surface of the
film. [S0163-182609)50406-2

In this paper we present preliminary results from pulsedanswer this question by performing NMR experiments of
nuclear magnetic resonand®dlMR) studies of thick®He  layer-by-layer coverages of helium films on BN.
films (25 layer$ adsorbed on boron nitrid@8N). The aim of The dynamics and nuclear spin ordering3ide is gov-
the experiments was to determine the fraction of the filmserned by the existence of spin exchanges that results from the
that behave as solid layers compared to those that are liquiuantum zero point motions. It has been shown that these
Studies of the nuclear spin-lattice relaxation tifieand the ~ exchanges can involve cyclic permutations of several atoms
nuclear spin-spin relaxation tim&, provide information (up to fifth ordej resulting in the existence of several ex-

about the dynamics of théHe atoms and thus distinguish change interactions of competing strengths: ferromagnetic

between the bulk liquid and the adsorbed solid or solidlikefOr Permutations of odd numbers of fermions, and antiferro-

3He near the substrate. r|:r|1agr_1ltetic_ f0|_r| _eXeEn nu;nE)ers of hfermior_1s. hThe effective
Studies of helium films in the presence of a variety of amiitoniant = n(=1)"TnPn whereP, is the permuta-

substrates(graphite! ™ fluorocarbon microspherésporon '[I_Ol’l- op)erator for cyclic permutation of fermions (e.g., 7,
nitride,” aerogef silver powder® and mylat®) have attracted ~ 2191

attention for more than 20 years because these systems pro- It is well known that several layers of solitHe adsorbed
y y P8 surfaces exhibit Curie-Weiss magnetizatidh,= C/

vide a unique testing ground for h/\{q-dlmen5|or(é!D) . g— 0,), where the Curie consta@ is proportional to the
nuclear _magnets and 2D phase transm_ons._ The underlym al coverage of the surface solid and the Weiss constant
mechanism of these systems, however, is still far from belngs typically 0.5 mK. The total magnetizatiov is the sum of
completely understood. .. M, and the liquid magnetizatioM,. A universal feature

A layer modd has been proposed for helium films in ghqeryed for all substrates studied is the existence of a Curie-
which the first layer is assumed to have the density of highyyejss-type contribution to the magnetization where at least
pressure solidHe, the second layer that of low-density solid part of this effect is generated by the surface-adsorbed atoms.
3He, and the rest is bulk |IC]U|d This model has been con- Ahonen et a|_10 measured the magnetization a-ﬂe ad-
firmed qualitatively by experimental results in multilayer sorbed on mylar sheets and identified the two typical contri-
studies, but there is considerable uncertainty concerning thgutions; one was temperature independent and is attributed
number of solidlike layers which seem substrate dependentp the bulk liquid and the other is well described by a Curie-
and varies from one to a few atomic layers. Helium films onWeiss law. The relative weight of the Curie-Weiss contribu-
graphite are the most extensively studied. Measurements &bn varied weakly with magnetic field and was ascribed to
the heat capacify and neutron-scattering studfesave five times the estimated quantity &fle contained in the first
shown that helium films on graphite form a stratified Fermiadsorbed layer. It was difficult to attribute this contribution
system; the first two monolayers at sufficiently low to five or more layers of solid arising from the influence of
temperature$ are solid and subsequent layers are 2D liquid.the van der Waals potential since this potential is negligible
Magnetization measuremehtsof °He films on graphite at such large distances. Later, Spanjaatdl’* proposed
show that while the completed first atomic layer is a parathat the Curie-Weiss contribution could arise from the liquid
magnetic solid with a triangular lattice structure and a vandin the second or third atomic layers. In this ferromagnetic
ishingly small exchange frequency<1 kHz, the second liquid model, the van der Waals potenti} that the bound-
layer upon solidification displays both antiferromagnetic andary exerts on the liquid causes an increase in the density of
ferromagnetic tendencies depending on layer density. Alstates at the Fermi surface. Consequently, the liquid suscep-
though BN has some important advantages for studies dfbility is increased, and the liquid closest to the substrate
magnetic properties, the characterization of helium layers adnay be ferromagnetic if the potentid}, is sufficiently large.
sorbed on BN is not as advanced as for graphite. Recerithis description seemed to be confirmed in studiesHd
pioneering studiédsof 3He on BN have clearly identified adsorbed on Carbolac by Ahonehal!® Godfrin et al® us-
solid layers, but these studies did not identify at what filming continuous wave NMR to study various substratsh
thickness the liquid phase would start to form. We wanted tas alumina powder, Grafoil, and platinum powdedicated
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l FIG. 2. Double structures of the spin-echo shape in tHidk

FIG. 1. The pulsed NMR spectrometer at 205 MHz consisted ofilms adsorbed on BN. The echo consists of a broad Gaussian base
a coherent UHF quadrature hybrid-té@HT) bridge circuit using line attributed to a liquid phase at free surface and a narrow Lorent-
two sets of tuning capacitors for impedance matching. zian central line attributed to the solid phase near the BN substrate.

quencies, which is not possible for grapHit€he high con-

that the relative weight of the Curie-Weiss-type contributionductivity and diamagnetism of graphite at low temperatures
corresponded to only théHe contained in the first layer. distort the NMR line shapes and the phase relationship of the
Bozler et al? using pulsed NMR studies oHe/Grafoil re- applied RF to the NMR signals, so that detailed line shapes
ported similar behavior to that observed by Godfenal. —are not reliable, particularly in the ultrahigh frequency re-
Okudaet al® have observed the existence oftde magne- gion. The characterization of the lattice structures of ad-
tization contribution of Curie-Weiss type which is equivalent sorbed systems on BN, however, is not as advanced as for
to five atomic layers adsorbed on silver powder. More re-graphite. It is well known that monolayer helium film forms
cently, Halperiret al!’ have observed a Curie-Weiss contri- V3XVv3 registered solid structure commensurate with the
bution from the magnetization of the surface solite films ~ graphite substrate, with each physisorbed molecule occupy-
adsorbed on aerogel strand, and found that there are twigg every third carbon ring?! It is also well established that
layers of solid®He on the aerogel surface and that the mag-"He/"He films on graphite are atomically layered; clear peri-
netization of the liquid remains temperature independent ipdic structure has been seen in the compressibility of the
the superfluid. Baerle et al’® have measured the nuclear films, as determined from studies of adsorption isothefms,
magnetic susceptibility of second-laydife films adsorbed heat capacitie¥:? and third sound velocitie. NMR stud-
on graphite and showed that the measured temperature dés of *He on BN have clearly identified the coverage for the
pendence of the second-layer magnetization is described welpmmensurate/3xXv3 (75% of a full monolayer with an
by the Curie-Weiss temperatueg, . incommensurate structure appearing at high coveragés.

A pulsed NMR spectrometefFig. 1) operating at 205 precise monolayer coverage is known from careful adsorp-
MHz was employed for these studies. We used a quadratufn isotherm studies of HD on BN in our laboratdry.
hybrid tee(QHT) to form a high-frequency bridge configu- The BN samples were rinsed with deionized water and
ration for the spectrometer. The ultrahigh sensitivity10'* ~ then washed in methanol in a clean ventilation facility, and
spins detectab)erequired for the very low filling factor of —outgassed fio4 h at 200 °C. Thesamples were then annealed
these NMR studies was achieved by employing two sets ofor 24 h at 900 °C under a vacuum of 10Torr.
capacitors?® one set permits the impedance matching be- The purity of the adsorbedHe was specified by the
tween the NMR coil%-inch diameter, 2 turjsand the trans- manufacturer to be 99.999%. THéle sample was intro-
mission line in the low-temperature region, and the seconduced into the NMR sample cell for 24 h to make sure that
set provides further fine tuning at room temperature betweefdsorbed layers form uniform films on BN.
a QHT and the transmission line. The spin echo shown in 90,-7-180, NMR spin-echo techniques were used in or-
Fig. 2 was formed by applying a single sweep of the pulsaler to determine the liquid-solid transition in thick films of
sequence. In addition, a sealed NMR sample cell suitable fotHe adsorbed on BN. This pulse sequence has the advantage
studies at reduced geometries was developed successfully ukat extremely long relaxation times may be measured from
ing easily machinable Kel# with an indium seal between easily reproducible starting conditions, namely, saturation,
the Kel-F and the metal end plates. and also that the measurements need not be carried past one

Hexagonal BN as a substrate has recently gained consiat two time constants, thus obtaining the maximum amount
erable interest in experimental studies of physisorbed filmef information in a given time. Different values @f andT,
because of its similarity in crystal structure to graphite. BN iswere observed for the two components of the NMR echoes
superior to graphite for NMR measurements because it has(@r line shapesshowing that these components correspond
much lower electrical conductivity and a lower diamagne-to independent systems. THg and T, values of the solid
tism, thereby permitting for NMR studies at ultrahigh fre- component of the echoes were observed to be, respectively,
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this cutoff would make would be to underestimate the solid

layer component. Subtracting the integrated areas of the
broad spectrum from the overall spectrum observed in these
preliminary measurements indicates that a solidification oc-

‘ouis curs predominantly in about five layers closest to the sub-

— strate. This two-component model is consistent with mea-

. I ) . ‘ | surements of; andT, and spin-echo amplitudes. The solid
Frequency layer component for the system studied is twice as large as

FIG. 3. A typical NMR line shape of thicRHe films adsorbed those reported fotHe films adsorbed on graphite. This resu.lt
on BN. may be due to the fact that BN has a stronger attractive

potential for helium than that of graphite as evidenced by
continuous-wave NMR studies of thick filmd2-laye) of
short (T;=88us) and long [,=285us) at T=1.2K.  mglecular hydrogen adsorbed on BA.
These values of; and T, are consistent with a relaxation In conclusion. we have observed a distinct two-
determined by spin diffusion through a five-layer solid with component strucfure in the NMR line shapes®ble films
J~10 MHz. This value is in agreement with the values of 34sorhed on BN, a broad Gaussian-like base NMR line as-
the exchange frequency observed in the bulk solid and i§sciated with the first four or five solid layers near the sub-
strong evidence that the Lorentzian component of the echgy ate and a narrow Lorentzian-like central line attributed to
originates from solid layers. The liquiGaussiah compo-  he Jiquid phase at the free surface. Further confirmation of
nent of the NMR I_|ne shape had distinctly different valuesg,, results can be obtained from a number of different ex-
for the relaxation times; wit;~100us andT,~33uS. periments including neutron scattering, heat capacity mea-
The presence of the liquid helium plays a key role ing,rements, and rotational Raman scattering to determine the
determining the overall shape of the NMR spectra because fecise number of solid layers in thiGkle films. Due to the
perturbs contributions from the adsorbed solid layers. Only,nhanced mobility of the last two solid layers adjacent to the
narrow Lorentzian I|qU|dI|kePe8l:MR line shapes were ob- 4 ter liquid layers, there can be an uncertainty of one or two
served in the previous studiesfor systems in which less |avers in the previous studies which did not see a solid layer
than two adsorbedHe layers are solid. The solid atoms in component in NMR studies diHe films on graphite. This
the second layer are expected to exchange more rapidly withyay a1so be due to the fact that because of its relatively high
the atoms of the liquid,and for monolayers one cannot dis- ¢onqyctivity and strong diamagnetism, graphite does not
tinguish the solid phase component in the overall NMR linep o qyce reliable NMR spectra for adsorption studies. The
shapes with a conventional NMR tank circuit. If the numberfie|q inhomogeneities induced by graphite substrates add un-
of adsorbed solid atoms is large enough to suppress the iRgainties to the line shapes, and also in pulsed NMR the
creased mobility of localized atoms by the presence of thgyss of well-defined rf phase relationships because of the
liquid, we would expect to see a distinctive NMR line spec-cqnqyctivity of graphite can interfere with the formation of
trum due to a solid phase near substrates plus a liquid phaggnos and make the analysis uncertain. The calculated line
near the free surface. , _ width for the liquid NMR line shape is remarkable, and this
We have observed a peculiar double structure in the NMRg pelieved to be due to the combined effects of the solid
spin-echo shapes for thickHe films adsorbed on BN. A |3yers and the substrate playing a dominant role in determin-
typical spin echo seen for this system is shown in Fig. 2ing the dynamics of the atoms and thus the overall shape of
This spin echo is not symmetric because at small times g,e NMR echoes. At the same time, the line width for the
residual of the free induction decay signal adds to the baseyy)ig phase is smaller than the expected valL@—20 kHz
line for the echo. We therefore used the second half of theref, 25 for bulk solid helium, and this can be understood in
spin echo to obtain the NMR line shape by the Fourier transterms of the increased mobility of helium adatoms which
formation. The NMR line shape obtained from the Fourierynnarently overcomes the crystal field interactions from the
transformation of the echo is shown in Fig. 3. Thissg|ig films and with the BN substrates. This motion leads to
rocket”-shaped NMR line shape was observed and interhe parrowed solid NMR line shape. However, the observed
preted in terms of a two-component syste(); a broad  jine width is larger than that3—6 kH2 observed by
Gaussian lingfull width at half maximum(FWHM)~8kHz]  Roliefsort for monolayer®He film on graphite. It is, there-
which forms the base of the NMR spectrum and is attributeqqe pelieved that thick films ofHe adsorbed on BN are

to adsorbed solidHe films near the BN substrate, afid @8 yyo-dimensional characteristics as well as three-dimensional
harrow I_Soren_t2|an line (FWHM 3 kHz) which is attributed  gnes. Further experimental studies at various film coverages
to liquid “He films near the free surfacelhe contribution of  ihcreased layer-by-layer are needed to establish more reliable
the field inhomogeneity is-250Hz) The two-component experimental data for the dynamical NMR studies 36fe

system interpretation is based on the observation of the ratigims adsorbed on BN in order to fully understand the behav-
of the integrated areas of the narrow component of the NMRy, of these 2D systems.

line to the broad component. The narrowing that leads to the

Lorentzian line is believed to result from the relatively high ~ We would like to thank J. A. Lipa, D. D. Osheroff, R. C.
mobility of the helium adatoms along the free surface. InRichardson, W. P. Halperin, and E. Genio for helpful discus-
order to estimate the areas of the two components, we usesiions. This work was supported by the National Science
cutoffs out in the wings of the line at 50 kHz. Any error  Foundation under Grant No. DMR-9623536.
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