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Abstract

Low energy ion implantation of hyperpolarized radioactive magnetic resonance probes allows the NMR study of thin film hetero-
structures by enabling depth-resolved measurements on a nanometer lengthscale. By stopping the probe ions in a layer adjacent to a
layer of interest, it is possible to study magnetic fields proximally. Here we show that, in the simplest case of a uniformly magnetized
layer, this yields an unperturbed in situ frequency reference. We also discuss demagnetization contributions to measured shifts for this
case. With a simple illustrative calculation, we show how a nonuniformly magnetized layer causes a strongly depth-dependent line broad-
ening in an adjacent layer. We then give some experimental examples of resonance line broadening in heterostructures.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Depth-resolved beta-detected NMR (BNMR) and low
energy muon spin rotation (LEuSR) have recently been
shown capable of measuring local magnetic fields in thin
film samples [1,2]. With this advent, it has become impor-
tant to consider some general features of the measure-
ments. In both BNMR and LEuSR, the probe nuclei are
implanted as a beam of charged particles into the sample
at low energy (for BNMR, the typical range is 0.1-
30 keV), and the detection is enabled by the anisotropic
property of the weak interaction that causes the beta decay.
The implantation energy, and hence the probe stopping
range, can be modified by electrostatic deceleration. This
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opens the possibility for new types of measurements, e.g.,
on a thin film deposited onto a crystal substrate. Provided
the film is not too thick, it is possible to range the probe
ions into and through the film. The signal from ions stop-
ping in the substrate may thus provide a convenient
in situ reference signal for the measurement of shifts. Alter-
natively, one can cap the film of interest with a thin over-
layer of a simple, unreactive material such as Ag or Au,
and range the probe ions into the capping layer as a refer-
ence. The purpose of this paper is to show, on general
grounds, how classical magnetostatic effects manifest them-
selves in such measurements. The results are critical to both
the interpretation of experiments and in establishing the
practical sensitivity limit of certain measurements. Specifi-
cally, with the recent demonstration of BNMR measure-
ments in thin films [3-5], two different concerns arise: (1)
what is the effect of demagnetization on the NMR signal
from within a uniformly magnetized film, and (2) what is
the effect of the magnetization of the film on the average
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internal field sensed in an adjacent layer, i.e., can demagne-
tization affect the measurement of the reference signal? We
treat these questions in Sections 2 and 3, respectively.

We then turn to the case of nonuniform magnetization
in a thin film, which can arise from many interesting phe-
nomena such as magnetic domain formation, density
wave magnetism, electronic phase separation, magnetic
screening in a superconductor, or time-reversal symmetry
breaking superconductivity that have been studied by var-
ious traditional forms of magnetic microscopy [6]. It can
also originate from the morphology of a magnetized film,
for example via grain boundaries or interface roughness
[7]. In this context, it may be an advantage to implant
the probe ions, not into the film of interest, but rather
into the adjacent substrate or capping layer to study the
film from a vantage point (very) nearby. For example,
in the layer of interest, the spin-lattice relaxation time
T\ may be substantially shorter than the probe’s radioac-
tive lifetime, as is often the case in magnetic materials.
This will be more common for ®Li (t = 1.2's) than for
pu™ with its much shorter lifetime (2.2 ps). Even if 7, is
long enough, magnetic inhomogeneity may yield an unob-
servably broad resonance. One may also want to avoid
the possibility that the implanted probe may perturb the
system of interest. For these reasons, it is interesting to
consider what information might be obtained by
“implanted ion proximal magnetometry” (IIPM). We
note several experiments along these lines have already
been accomplished using BNMR [4,8-10], and that IIPM
is similar to NMR and EPR decoration experiments (the
analogue of Bitter decoration of a superconductor) [11]
and the use of adsorbed layers of hyperpolarized '**Xe
[12], but with the advantage of an easily controlled probe
depth and a thin film geometry. We discuss this applica-
tion in Section 4 and illustrate the results with experimen-
tal data in Section 5.

2. Inside a uniformly magnetized film

We begin by revisiting an old problem, that of demagne-
tizing fields, but here in the context of a thin film. The
demagnetizing field is a contribution to the local field inside
a magnetized material, due to the discontinuity of magne-
tization at the surface of the sample. It is thus dependent
on the sample geometry. For a thin film where the total
magnetic moment is extremely small, simply by virtue of
the amount of material, it is perhaps surprising that this
contribution to the field could be significant. Following
the original treatment of the local electric field in a polariz-
able medium by Lorentz and Debye [13], the total local

magnetic field is generally decomposed into four
contributions,
Htot:H0+Hd +HL+H10C7 (1)

Hy, the applied field, H4 the demagnetizing field, A the
field due to the Lorentz cavity, and Hy, the magnetic field
due to the immediate atomic neighbours of the site in ques-

tion, i.e. those within the Lorentz cavity. In many cases,
Hy. 1s often predominantly due to the local contact hyper-
fine interaction, but it may also contain significant contri-
bution from nearby atomic magnetic dipoles. For
simplicity, here we assume all four components in Eq. (1)
are parallel. The Lorentz cavity (or sphere) is an imaginary
boundary around the test point defined by the fact that
magnetized material outside the cavity can be treated in
the magnetic continuum approximation, while material in-
side the cavity must be treated atomically. It is thus H,
that is of principal interest in the NMR of solids, and to
extract it, one must be able to quantify Hyq and Hy. The
demagnetizing field is just proportional to the bulk magne-
tization M,

Hd = _NMv (2)

where N is the dimensionless ‘“‘demagnetization factor”
which ranges from 0 to 1 in SI or 0 to 4 in the cgs sytsem,
which we adopt hereafter. It has been calculated for ellip-
soids, rectangular blocks and cylinders [14-16]. For nonel-
lipsoidal samples, Hy4 is nonuniform, giving rise to a
distribution of internal magnetic fields. For a spherical
Lorentz cavity, one can calculate Hy = 4nM /3, but there
is no means to independently measure this quantity [17].
Note that for a spherical sample, Hy = —H{, so that these
terms simply cancel in H,. Magnetic nuclei (of gyromag-
netic ratio y) will precess at the Larmor frequency

w = VHtOt'
The relative magnetic shift is
w—yHy
k=——F7— 3
yHo )
Hqs+H, + H,
_ d + [—IL + loc 7 (4)
0

while the shift of interest is rather k. = Hy,./Ho, S0 to ob-
tain k., one needs to account for Hy and Hy. The effects
of demagnetizing fields in the measurement of shifts and
lineshapes in NMR have been considered numerous times
[18-20], while their effects on the magnetic structure of thin
magnetic films have also been considered, for example in
Ref. [7]. In BNMR and LEpSR some new problems arise
in correcting for demagnetization. The main purpose of
this section is to obtain k.

The implantation depth of both PNMR and LEuSR is
variable between a few nanometers and a few hundred
nm, while the typical beamspot for *Li* is about 3 mm
diameter and somewhat larger for the low energy u*. A
typical film dimension for BNMR is 8§ mm by 10 mm by
100 nm thick, with the beam centred on this area. The
aspect ratio ¢ of the film (thickness to transverse dimen-
sion) is thus on the order of 10~°. The demagnetization fac-
tor N for an infinite slab with perpendicular field is 4mw.
Corrections for a finite size slab can be obtained from the
limit of an oblate ellipsoid [14],

N~ an(1-2¢+28), ()
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or alternatively from the expression for a flat cylinder [15].
The contribution to the relative shift k due to Hq is —Ny,
where y is the dimensionless “volume susceptibility, which
for nonferromagnetic metals is 10~* emu/cm® or less, so
the leading order correction (to N =4n) is 10~ or less,
which is negligible. It is thus reasonable to simply use
N = 4r to correct the shift k. This type of correction has
been established in conventional NMR, in particular in
proton NMR of single thin foils of transition metal hy-
drides [21]. In that work, the field direction was varied
(from perpendicular to parallel) to isolate the demagnetiza-
tion effect. We note that analogous measurements at high
applied fields are not generally possible in PNMR and
LEuUSR, since H, must be parallel to the ion beam direc-
tion, to avoid deflection of the ion beam by the Lorentz
force. However, at low H,, transverse field experiments
with the field in the plane of the film are possible [2]. The
demagnetizing factor in this case is N =~ £, so the demagne-
tization contribution to the shift (4k = y¢) is negligible. At
this point, we note that the thin cylinder result [15] clearly
exhibits the type of inhomogeneity of the demagnetizing
field that we can expect in the film, i.e. in the central region
H, is large, negative and relatively uniform, but it is signif-
icantly reduced in magnitude as the film’s edge is ap-
proached. The corresponding distribution of magnetic
fields would yield an asymmetrically broadened resonance,
for example see Ref. [19]. However, this inhomogeneity is
not important for thin films, where ¢ is very small, as it
is confined to within a few thicknesses of the outer edge.
For example for ¢ = 107>, Hy is within 1% of the bulk va-
lue except within about 20 thicknesses of the edge. Usually
the beamspot is substantially smaller than the film area and
centred on it, so we expect negligible broadening from this
source. We note that corrections of k due to demagnetiza-
tion are significant in the case of small H,,. and large y. For
both ®Li and implanted muons, hyperfine couplings (thus
H\,.) are generally rather small, so we can expect significant
corrections to k for any material with large y.

We continue with a sample calculation for the shift of
8Li in two metals, nearly ferromagnetic palladium and non-
magnetic silver. In Pd y is highly 7 dependent, with a value
about 79 x 107 emu/cm? at 175 K. The correction to the
measured shift due to Hy and H at this temperature is

Ak4n<1 %),( +661 x 107° (6)

which is a substantial fraction (~ 50%) of the observed va-
lue [4]. To extract the shift k. due only to Hy, (in a metal
called the Knight shift), we use k. = k + 4k. Note that
the sign of Ak is positive for a paramagnetic material, i.e.
k. will be more positive than the observed shift. For Pd
the measured k is negative, so k. is smaller in magnitude
than k. For Ag, in contrast, y ~ 9.3 x 10”7 emu/cm® is
much smaller and Ak = +7.8 x 10°° which is less than
10% of the observed shift at room temperature [3]. This
correction should be applied in order to obtain an accurate
value for the Knight shift [3-5,22].

3. Adjacent to a uniformly magnetized film

We now consider the effect of a uniformly magnetized
film on the field within an adjacent nonmagnetic (substrate
or capping) layer. For a nonmagnetic material, M ~ 0, so
the Hy, Hy and H,. in Eq. (1) are all zero, and
H,, = Hy. However, when the nonmagnetic material is in
close contact with a magnetized layer, the field of the adja-
cent layer will contribute, so

Hiw=Ho+H,+H, (7)

where H,, is the proximal field due to the magnetized layer,
i.e. the purely classical dipolar field, and HL"C is a local con-
tribution to Hy, that is the analogue of Hj,, but due to
hybridization between electronic states of the magnetic
and nonmagnetic layers at the interface. For example,
HL"C is the term that yields the Knight shift of '**Xe [12]
and other species [23] adsorbed onto metals. In fact, H,
is just H4 calculated outside the material, but we reserve
the notation H4 for the demagnetizing field within the mag-
netic material. Far from the film, /#, must have the form of
a dipolar field due to the overall magnetic moment of the
film, but the implanted probe ions stop within a few hun-
dred nm of the film, making only the near-field relevant.
Perhaps the simplest approach is to replace the uniformly
magnetized layer by two sheets of fictitious magnetic
charges in analogy with a parallel plate capacitor [24]. This
yields a uniform demagnetization field within the magnetic
film (between the plates) consistent with the above results.
By analogy with the electric field outside a parallel plate
capacitor [25], the magnetic field outside the film of aspect
ratio & is

HP:€M7 (8)

yielding an additional shift of the line which is again of the
order £y, too small to measure. As an example, the mag-
netic field outside a Pd layer with ¢ = 10> at 40 kOe and
room temperature (conditions relevant to Fig. 2) will be

Hy =107 x 63 x 107° x 40,000 ~ 25 pOe, 9)

which is indeed negligible. Even adjacent to a layer of fer-
romagnetic iron, H, would be less than 20 mOe. Fig. 2
demonstrates this for a 75 nm thick Pd film on SrTiOs;.
The Larmor frequency in this experiment is established
by measurements in a single crystal of MgO before and
after the measurement in the film. The resonance in the
SrTiO;5 substrate is split by the quadrupolar interaction
into a set of satellite lines centred on v,. Taking the mid-
point of the outer satellites as a measure of the field in
the SrTiO; adjacent to the magnetized Pd, we find a shift
relative to MgO of —0.2 £+ 0.3 kHz, consistent with the cal-
culation. So within the continuum approximation, the
magnetic field changes abruptly at the interface of the thin
film by an amount H4 — H, corresponding to the equiva-
lent magnetic charge density at the surface. It is interesting
to inquire microscopically over what length scale this
change actually takes place. A simple calculation of the
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field along the axis of a uniformly magnetized annular slab,
is shown in Fig. 1. While the hole is not necessary for the
calculation of H,, it demonstrates that the demagnetizing
field does not depend on literally being in the magnetic
material. The figure illustrates that the transition at the sur-
face occurs very sharply as ro — 0 for this ideally flat sur-
face, even though the z-axis is strictly in vacuo.

We conclude that, to a good approximation, the reso-
nance frequency in an adjacent nonmagnetic layer will be
unaffected by the magnetization of the film. The fact that
H, is much smaller than the analogous term Hy4 within
the film is quite surprising. We note that H,, is simply the
net dipolar field of the magnetized layer M. Other contri-
butions to the proximal field in a heterostructure, distinct
from H,, are of substantial interest; for example, the mag-
netization of a ferromagnetic metal may penetrate into an
adjacent nonmagnetic metal in an oscillatory manner, the

analogue of the Ruderman—Kittel-Kasuya—Yosida
(RKKY) effect in dilute magnetic alloys, giving rise to giant
magnetoresistance in such heterostructures [9]. This type of
proximal field is not included in H,, but rather in H L"C.

4. Adjacent to a nonuniformly magnetized film

An inhomogeneous magnetization M (x,y) will yield an
inhomogeneous proximal field A, in the adjacent layer,
giving rise to a broadening (and potentially a shift) of the
resonance in that layer. We thus consider here how a non-
uniformity in M is reflected in H,. In Fig. 1, it can be seen
that as the radius r, of the hole increases, /, “leaks out” of
the film over a z length scale about equal to ry. In fact this
phenomenon is generic and provides a well-known limit on
spatial resolution in the magnetic microscopy of thin films
[26]. Similar considerations apply to electrostatic force

ry R

H,
r.=4nm
[
0 —
-10 =
o
Q, .
IQ
S -20 -
Iu
-30 —
-40 =
) ] ) ] ) ] ) J
-100 -50 0 50 100
z(nm)

Fig. 1. The magnetic field profile through a thin cylindrical slab (on its axis) for a uniform magnetization perpendicular to the slab. The outer radius
R = 5mm , the film thickness # = 100 nm, and the origin is at the centre of the annulus. Profiles for three values of the radius of the central hole », are
shown. The magnetization is that of Pd at the conditions discussed in the text. As ry — 0, the profile becomes sharply discontinuous at the film surfaces.

Inside the film, the field equals H4 = —4nM, while outside the film, it is H,.
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25100

25200
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Frequency (kHz)

Fig. 2. The effect of a magnetized Pd film on the resonance in the substrate at room temperature and 40 kOe. Reference measurements of the resonance
frequency ®Li implanted into an MgO crystal before (top) and after (bottom) the measurement in the film. At the implantation energy of 28 keV, 8Li stops
in both the SrTiO; substrate and in the Pd. The quadrupole split spectrum in the SrTiO; is centred at the same frequency as the MgO, confirming that the
magnetized Pd does not shift the signal from the adjacent substrate. The spectrum in the film also contains the negatively shifted signal from Li that stop

in the Pd layer.

microscopy [27]. Basically, the Fourier component of the
magnetic field above a nonuniformly magnetized film at
wavelength A falls off as exp(—2nz/A). Thus, to resolve a
feature of lengthscale L in the magnetic layer, one needs
to probe the magnetic near-field at a vertical distance
z < L. This fact has also long been recognized in the field
of magnetic recording technology [28]. In Fig. 1, the non-
uniformity is the hole itself. Standard magnetostatics yield
H,, as an integral of the dipolar fields of the magnetization
or its equivalent volume and surface currents. The uniform
component of H, is represented by the surface term and
was discussed in Section 3. For the case where the magne-
tization is normal to the plane of the film (parallel to Hy),
the inverse problem inferring M(x,y) from a measured
H,(x,y) is discussed in detail in Refs. [26,29].

Implanted ion proximal magnetometry is analogous to
techniques of near-field magnetic microscopy [6] such as
the scanning squid, Hall probe arrays and magnetic force
microscopy, but without any lateral spatial resolution,
aside from the ability to steer the millimeter sized beamspot
[30]. On the other hand, by stopping in an ultrathin over-
layer, one can bring the probes much closer to the surface.
Instead, the distribution of magnetic fields [31] p(H,) is
sampled randomly over a large areca. The implantation
depth is easily variable from several hundred nm down to
a few nm, e.g., see the recent demonstration of deceleration
into a 4 nm thick gold overlayer [9]. The spatial resolution
limit that is imposed by the probe distance z, thus spans the
interesting nanometric length scale. Moreover, the sam-
pling is spatially local, i.e. at the atomic scale, yielding a
much higher intrinsic spatial resolution of the field distribu-

tion than with micron size scanning probes that report the
net field integrated over a detector. Quantitative interpreta-
tion of an observed field distribution (resonance lineshape)
will require modeling: postulating an intrinsic form for
M (x,y), possibly including interface roughness, calculating
the distribution of H,(z), and averaging this over the
implantation profile p(z). Despite these complications, in
the case that M is strongly temperature dependent, e.g.,
at a phase transition, one may easily correlate changes in
the observed field distribution with M(T).

Next we illustrate this process with a simple model cal-
culation, i.e. for a thin uniform layer (thickness dz) having
a magnetization corrugated as M = M, cos(kx). This M is
simple enough to have a closed form field distribution
p(H,,z) and represents one component in a Fourier decom-
position of an arbitrary M. It is also relevant to spontane-
ous sinusoidal inhomogeneities, for example the case of
interfacial density waves [32]. By integrating the dipolar
fields of the magnetization distribution, one obtains that,
in a plane at height z above the layer, the magnetic field
H, is constant in magnitude and simply rotates in the x—
z plane. The z component of H,, is thus distributed sinusoi-
dally, i.e.

1
p(Hp,z) = e
m\/Hpwl(z)” — H,,
for H, < Hy and zero elsewhere. The magnitude of the
field at height z is Hy(z) = Mo dz2mke ™.
The implantation profile of an ion beam can be simu-
lated in detail using Monte Carlo codes (e.g., inset of
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Fig. 4), but it is often well approximated by a truncated

gaussian,
1/2—R\’
2\ OR

where Z is the depth, R is the most probable range, R is the
range straggling and A4 is a normalization factor. R and R
depend on the implantation energy, the overlayer material
and the mass of the probe atoms. For low energy ion
implantation oR is of the same order as R. P is zero for
negative z, i.e. outside the sample. The net field distribution
seen by the implanted probes stopping in an overlayer of
thickness ¢ is then

P(z) = Aexp

b

t
p(H,y) = / dzP() x p(Hy, (1 — 2)) (10)
t —(z—R)?/20R>
A (1)
T Jo vV Ce2k(t-%) — H?

where C = (Mydz2nk)*. For ®Li* ions at 5.5 keV stopping
in a silver overlayer, Monte Carlo simulations with TRIM.SP
[33] predict R~ 20nm with 6R ~ 10 nm. Assuming a
50 nm thick Ag layer on the magnetized sheet, the most
likely stopping height is 30 nm. For this case, the field dis-
tribution p(H,) from Eq. (11) is shown (for several values
of the corrugation wavelength 1) in Fig. 3, where we have
assumed M, = 50 Oe. The calculated field distribution
exhibits a remnant double peak structure from the singu-
larities of the sinusoidal distribution, a feature characteris-
tic of the simple corrugation that would not be expected
generally, e.g., in the periodic structure of the vortex lattice
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of a superconductor (see below). While this calculation is
too simple to yield a quantitative account of the resonance
broadenings of the next section, it serves as a useful illus-
tration of the generic behaviour, i.e. that the lengthscale
of a magnetic inhomogeneity determines how far its effects
propagate outside the material.

5. Examples

In this section, we present some experimental examples
of line broadening in thin film heterostructures which are
not fully understood at present, but where some insight
can be gained in light of the results of the previous section.
At the outset, we note that the detection scheme for both
BNMR and LEuSR is based on the anisotropic property
of weak decays, so that the spin polarization is detected
via the high energy beta particles rather than by an induced
voltage, as in conventional NMR. This nuclear detection
scheme, makes the techniques very sensitive—in terms of
signal per probe spin. In BNMR, resonances are measured
as a loss of beta decay asymmetry, so they appear upside
down compared to conventional NMR. More details can
be found in Refs. [1,2].

First, we consider an inhomogeneous magnetization M
due to the vortex state of a type-II superconducting layer
with the probe ions stopping in a Ag overlayer. This type
of measurement has been done at low magnetic field by
LEuSR [34], but we present BNMR data here in high mag-
netic field. In the vortex state, the magnetic field in the
superconductor becomes inhomogeneous due to the forma-
tion of flux vortices, which typically form a hexagonal lat-

A=10nm

A=50nm

A=75nm

A =100 nm

T
0

Magnetic Field (Oe)

Fig. 3. Calculated field distribution for 5.5 keV ®Li" stopping in a 50 nm silver overlayer deposited on a thin layer with a corrugated magnetization: 50 Oe
cos(kx) for various wavelengths of the corrugation 2 = 2r/k. The two-peak structure originates in the sinusoidal distribution.



M. Xu et al. | Journal of Magnetic Resonance 191 (2008) 47-55 53

tice with vortex spacing a = 489 A/./By(T). The length
scale of the inhomogeneity is thus tunable via the applied
field. Fig. 4 shows BNMR resonances for ®Li implanted
at 8 keV in a Ag overlayer (120 nm) capping a 300 nm thick
film of c-axis oriented YBa,Cuz;O; (YBCO7), a high tem-
perature cuprate superconductor with superconducting
critical temperature, 7. =~ 90 K. At this energy, the mean
implantation depth in Ag is ~ 50 nm, and we expect all
the ®Li to stop in the Ag layer. The average vertical dis-
tance above the superconductor is then z = 70 nm (see inset
of Fig. 4). The resonance above 7. is narrow and shows
similar temperature dependence to other Ag samples [3].
However, there is a dramatic broadening with a sharp
onset at T, which is clearly due to the magnetic inhomoge-
neity in the vortex state. Measurements in bulk YBCO7
[35] show that the amplitude of the modulation in the mag-
netization AM = 50 Oe in the superconducting layer at the
applied field Hy, =13 kOe, where the vortex spacing
a =~ 43 nm. Here a represents the wavelength 2 of the inho-
mogeneity of M, and AM is just a measure of the width of
the distribution of M(x,y). Scaling the inhomogeneity, we
estimate the inhomogeneity in the field seen by the probe
ions (the width of the distribution p(H,(z))) is
AH, = AM x exp(—2nz/a) = 2mOe, i.e., negligible and
much smaller than the observed broadening which is
AH,, =~ 10 Oe. We conclude that there must be significant
magnetic inhomogeneity in the superconducting films on
length scales longer than a, i.e., long-wavelength disorder
in the flux lattice. Similar conclusions were reached in

Depth (nm)

EPR decoration experiments [36]. In fact long-range order-
ing of the vortex lattice is known to be unstable to the pres-
ence of any microscopic crystalline disorder [37], but it is
likely that grain boundaries in the polycrystalline film are
the main source of this long-wavelength disorder. For
example, twin boundaries are known to modulate the vor-
tex density in YBCO7 [38]. The grain size in the film is
roughly 500 nm, so an inhomogeneity in M of 25 Oe on
this lengthscale would be sufficient to explain the observed
broadening. Experiments to test this conclusion are under-
way in capped single crystals which should have a much
more ordered vortex state.

As a second example, Fig. 5 shows the broadening of the
8Li resonance in two films of Au, one on a nonmagnetic
SrTiO5 substrate and the other on a 100 nm thick layer
of Pd [4]. To interpret the broadening in the Au/Pd layer,
we consider its structure. Atomic force microscopy indi-
cates a RMS surface roughness of 1 nm for the Au layer,
while spectroscopic ellipsometry measurements were con-
sistent with a 2 nm roughness of the Au/Pd interface. At
300 K and 41 kOe, M of the Pd is about 2.6 Oe, while for
Au it is an order of magnitude smaller. Even if we consider
the Au/Pd interface as a thin layer with a modulated mag-
netization of amplitude about 2.6 Oe, the resulting field dis-
tribution will be too narrow to explain the broadening. We
are thus led to consider that the magnetization is altered by
the presence of the Au. In fact, a large enhancement of the
magnetization has been observed in Au/Pd sandwich struc-
tures [39]. In addition to an enhanced magnetization, there

8180 8190 8200

8210 8220 8230

Frequency (kHz)

Fig. 4. A comparison of BNMR line broadening for ®Li stopping in an Ag capping layer on a film of YBa,Cu;O;. The top spectrum at 150 K is above 7'
while the lower broadened line is deep in the vortex state. The excess broadening begins sharply at the superconducting transition and reflects the
inhomogeneous magnetization in the vortex state at Hy = 13 kOe. Inset: the implantation profile calculated using TRIM.SP.
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Pd

50 nm Au/ SrTiO3

Au

r T T T T T T T T
-2500 -2000 -1500 -1000

-500 0

T ! T ! T ! T 1
500 1000 1500

Shift from v, (ppm)

Fig. 5. A comparison of PNMR line broadening in two thin film heterostructures. The top data is for a 50 nm Au film on an SrTiOj; substrate, and the
bottom one is for a 100 nm Pd film on an SrTiO; substrate capped with a nominally 10 nm thick film of Au. The implantation energies were 10 and 13 keV,
the temperatures 290 and 270 K, and the magnetic fields 30 and 41 kOe, respectively.

may be an additional contribution to the broadening from
HL"C, due to RKKY polarization of the Au conduction
band, as seen in Fe/Ag multilayer structures [9].

In this context, it is thus interesting to consider the mag-
netic field resolution of the technique. The observed reso-
nance lineshape will be a convolution of the lineshape in
the host material with the distribution of H,. Au and Ag
have been considered as overlayer materials, partly for
their chemical inertness, but also for their high density
which allows implantation into very thin layers. In these
materials, the implanted 811 resonance is also extremely
narrow, with linewidths of a fraction of an Oe, due to dipo-
lar broadening by the small host lattice nuclear moments
[3]. It is thus possible to detect shifts and broadenings of
the resonance on the milliOe scale. Because PNMR and
LEuSR use polarized implanted probes, enabling experi-
ments at low H, [40], the above resolution is equally
obtainable down to very low magnetic fields.

6. Summary

To summarize, we have considered aspects of the local
magnetic field in thin film heterostructures that will gener-
ally be relevant to NMR experiments using low energy
implanted ion probes, i.e. BNMR and LEuSR. We found
that surface contributions within a uniformly magnetized
thin film can make a significant contribution to observed
magnetic shifts. However, the analogous field just outside
such a film is negligible, so that ions stopped in an adjacent
nonmagnetic layer may be used as a good in situ frequency
reference. For the case of nonuniform magnetization, we
calculated the field distribution outside a layer with a sim-
ple magnetic corrugation to illustrate the strongly depth

dependent broadening caused by the exponential decay of
the field. This fact will be important in the interpretation
of depth-resolved NMR in thin film heterostructures and
in the use of implanted ion proximal magnetometry to
study magnetism in thin films.
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