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Abstract

The structural, electronic, magnetic and magneto-electronic properties of tetrahedral amorphous carbon (ta-C) thin
films doped with gadolinium via ion implantation (¢a-C,.,.Gd,, x=0.02~0.20) have been studied, both as-prepared
and after annealing, with Xe-implanted samples as control samples. Gd implantation causes significant increases in
electrical conductivity, showing that Gd adds carriers as in other rare earth-semiconductor systems. Gd also provides

a large local moment from its half-filled f'shell. Carrier-mediated Gd-Gd interactions are strong but very frustrated,

causing a spin-glass state below 10 K for higher x. An enormous negative magnetoresistance (MR, ~ —103 at3 K, 70
kOe for x=0.088) is observed at low T (below 30 K), an indication of carrier-moment interactions that cause
magnetic disorder-induced localization and consequent magnetic field-induced delocalization as Gd moments align
with the magnetic field. Gd implantation causes substantial changes in Raman intensity, associated with conversion
of C-C bonds into Raman inactive bonds, which induce further graphitization after annealing. The changing nature
of the C-C bonding with increasing x or with annealing causes the electrical transport properties to depend on Gd
concentration x with a non-monotonic dependence. Systematic but non-monotonic trends are seen on comparing the
magnetic and magneto-transport properties of Gd-doped a-C, a-Si, and a-Ge matrices, suggesting that electron

concentration and band gap play separate important roles.

PACS numbers: 61.72.U-,81.05.Uw,75.47.-m



L. INTRODUCTION

Carbon exists in many different structures and C-based materials possess many remarkable properties. For
amorphous carbon (a-C), its properties vary between graphitic and diamond-like depending on the fraction of sp’
and sp’ bonded carbon atoms. Systems with a large fraction of sp® bonds are known as tetrahedral amorphous carbon
(ta-C), and have many properties similar to diamond. The growth of ta-C was explored in the late 1990s, and the
nucleation and growth mechanisms are mostly understood.' The most recent ta-C research is aimed at preserving
diamond-like properties while incorporating suitable impurities for novel optical, electrical or magnetic properties
for potential applications. fa-C can be doped with low concentrations of rare earth elements (between 10 to 10"
cm™),” yielding a material which shows sharp luminescence lines over the whole UV-visible-infrared range, due to
the intra-4f Tuminescence of the lanthanides. This feature, together with high hardness, makes the material appealing
for optoelectronic devices. Rare earth elements also possess magnetic properties which if incorporated at high
concentrations into suitable semiconducting carbon matrices offers a potential high-hardness, magnetic

semiconductor, with a high intrinsic band gap, like Gd-doped GaN.’

This study focuses on the magnetic and magneto-electronic properties of za-C doped with Gd via ion implantation.
Gd is nearly always a trivalent ion, with a half-filled f electron shell, thus providing three electron carriers and a
large local moment (J=5=7/2). The previously studied amorphous magnetic semiconductor systems a-Gd,Si, ,,
a-Gd,Ge,., and a-Gd,Y,Si,..., films have shown a remarkable set of magneto-electronic properties, including
enormous negative magnetoresistance (MR: e.g. 10%at 1 K and 1% at 90 K, in a 60 kOe ﬁeld).4’ > In those materials,
significant carrier-moment interactions lead to carrier-mediated Gd-Gd interactions producing a spin-glass ground
state, unsaturated magnetization at high field, and the negative MR. MR and all carrier-moment effects decrease
with increasing x, are smaller in a-Gd,Ge,_, compared to a-Gd,Si;_,, and are reduced with increasing non-magnetic Y
at constant Gd x, all effects attributed to electrical screening (associated with increased electron concentration due to
either increasing x or y (at fixed Gd moment concentration x) or the smaller band gap of Ge compared to Si (at a

given x).°

Based on those studies, we have suggested that the magnitude and temperature range of the negative MR increase
with increasing band gap, suggesting the desirability of a higher band gap matrix such as carbon, the first element in
group-IV. The uniqueness of carbon among other group-IV semiconductors is its stable sp” configuration vs.
metastable sp3 configuration; therefore offering a (desirable) tunability of band gap via tuning the sp3/sp2 ratio, but
also the potential complexity of different local electron wave-functions.. Previous studies show that Gd-doped a-C,
prepared via co-sputtering, is mostly sp’~-bonded and thus exhibits only a small band gap; still, a large negative MR
was found at low temperature, comparable to that of a-Gd,Si,.,, but vanishes by ~30 K, significantly lower than in
a-Gd,Siy.,, consistent with the above expectation regarding the effect of reduced band gap.” By contrast, the ta-C
band gap can be as high as 2.5 eV with high sp3/sp2 ratio,® thus providing a new starting matrix to study the moment

and carrier interactions induced by Gd. After Gd incorporation, the physical properties (electrical, magnetic and



magnetotransport properties) of the resulting 7a-C:Gd system will be shown to depend strongly depend on the
interactions between the magnetic dopant and the electrons in the carbon matrix; this matrix, however, we find has
been affected by the Gd incorporation (significantly differently than for the control implantation of Xe) such that for

moderate x, it is no longer ta-C.
II. EXPERIMENTAL METHODS

Thin ta-C films with high sp’ fraction (~80%) have been prepared by mass selected ion beam deposition (MSIBD).”
Briefly, carbon ions are accelerated to 30 keV, mass separated, and finally decelerated down to 100 eV prior to
deposition onto amorphous SiN,-coated Si substrates held at room temperature (RT). The thicknesses of the ta-C
films were between 40-60 nm. Such films exhibit diamond-like properties including high hardness, high resistivity

and a band-gap of ~2.5 ¢V.!

The ta-C samples were implanted at RT with >

Gd ions using ion energy of 50 keV and varying ion fluence to give
different Gd doping concentrations x. Double-energy (30 and 50 keV) implantations were also carried out to achieve
a more uniform Gd doping depth profile. Details of the parameters and samples are listed in Table I. The ion range
and resulting film compositions were calculated using the program package TRIM,'® and verified by Rutherford
backscattering (RBS) measurements analyzed by the RUMP analysis package.'' For all films in this work, either
singly or doubly-implanted, the Gd concentration is approximated as a single layer with concentration x and
thickness ¢ based on RBS-RUMP analysis, with # either 8 or 20 nm (depending on implantation energy used in single
vs. double implant) and x between 0.022 and 0.20 (depending on Gd ion fluence). An example of this analysis will

be shown and discussed below.

Annealing studies were performed up to 550°C in a rapid thermal annealer (RTA) with forming gas (5% H,/95%

N») to avoid oxidation. The temperature profile for annealing consisted of three stages: a two-minute temperature
rise, a one-minute temperature soak and an exponential temperature decay back to room temperature. Carbon
bonding information was determined by Raman spectra using a 488 nm laser and a SPEX 1877 0.6 m Triple
Spectrometer. dc electrical transport was measured using a standard four-point-probe method with conducting silver
paint strips as electrical contacts. Sample magnetization M as a function of both temperature 7 and field H and
magneto-electronic properties were measured in a Quantum Design magnetometer (with a resistivity probe for the
transport and magneto-transport data). Representative samples (as deposited and after annealing) were prepared for
cross-section transmission electron microscopy (TEM) using a focused ion beam setup (FIB, FEI Nova Nanolab 600)

and analyzed using a Philips CM200-FEG-UT TEM.

A set of Xe-implanted #a-C films (ta-C,.,: Xe,) were prepared under identical implantation and annealing conditions
to be used as control samples to monitor the effects of implantation damage. Xe and Gd ions have almost identical
radii and similar masses; therefore, the implantation damage created in the fa-C matrix is similar for both sets of

samples. Xe has a closed-shell electron structure and thus is chemically, magnetically and electrically inert.



Therefore, observed electrical or magnetic differences between ta-C,_,:Gd, and ta-C_:Xey is due to Gd
incorporation. We have measured Xe-implanted control samples to eliminate contributions from radiation damage to
the transport, magnetization and magnetotransport properties. More sample information is displayed in Table I, and

more experimental details are available in Ref. .
1. EXPERIMENTAL RESULTS
A. Structural Characterization

Figure 1(a) shows a TRIM simulation of a typical double-energy implantation of Gd ions into za-C. The final ion
distribution is the superposition of two Gaussian distributions from two consecutive single-energy implantations
with different ion energies, giving a more uniform doping depth profile than a single implantation. Figure 1(b) shows

a representative RBS spectrum for a double-implanted sample (ta-Cyg 912:Gdy.0sg), corresponding to the TRIM

simulated distribution in Fig. 1(a). The total ion fluence for this sample was high (2.3%10"® ion/cm?), thus sputtering

of the surface is significant and results in a reduction of the undoped surface layer to ~5 nm compared to ~10 nm for
low ion fluence implantations. The analysis of the RBS spectrum by RUMP uses a simple trilayer model, including a
surface C layer, a doped ta-C, ,Gd, layer, and a deeper undoped C layer. This analysis confirmed the TRIM
simulations, both in depth and doping profile, including the thickness of the undoped surface layer for all samples.
For analysis of both single-and double-energy implanted samples, we shall refer to the RUMP simulation results of
the RBS data for Gd concentration x as well as film thickness ¢, which is ~8 nm and ~20 nm for the single-energy
and the double-energy implanted samples, respectively. Note that this trilayer analysis affects the absolute value of
conductivity but not MR (which is normalized to zero field conductivity) or magnetization (which depends only on
the total number of Gd atoms, a known value based on either implantation fluence or RBS integration, which agrees

with each other).

High-resolution (HR)-TEM was performed on representative samples in order to determine whether Gd-C clusters or
crystallites are formed by the implantation process and whether the ¢a-C:Gd structure remains amorphous. The
overview picture [Figure 2 (left)] confirms the trilayer TRIM simulation including the presence of the undoped
surface layer. Figure 2 (middle) shows the cross-section of the sample with the highest Gd concentration
(ta-Cy.50:Gdy20). Figure 2 (right) is a high resolution micrograph of the center region of this high doping sample. No
crystallites or clusters or pre-crystallite lattice fringes are observed in any HR-TEM image. We conclude that the
samples remain amorphous within the resolution of the HR-TEM, and if clusters are present, they are well below 2
nm in size. Several samples were annealed up to 550 C; HR-TEM on these samples also showed only an amorphous

structure with no signs of cluster formation or Gd, Gd-C or C-C crystallites.

Raman spectroscopy was used to obtain information on the carbon bonding before and after Gd/Xe implantation, as

well as after annealing. There are two major Raman active modes corresponding to the breathing mode of disordered



graphitic 6-member rings (the D peak, ~1350 cm™) and the stretching mode of C-C pairs (the G peak, ~1580 cm™).
Using the integrated peak intensity ratio /p//s (both peaks fit with Gaussian functions) and the three-stage model for

a-C Raman spectroscopy,12 we estimated the spz/sp3 ratio for these films.

The Raman spectra of undoped, as-grown ta-C films with high sp’ fraction show a dominant G peak due to the lack
of graphitic ring sites; thus, a very small I,/I; ratio (less than 1). Annealing up to 550°C in an inert environment has
little influence on the Raman spectra, consistent with Refs. 1 and 13. The strong sp3 covalent bonds, once formed,
are very stable under thermal treatments, since the energy barrier for converting sp” to sp” is large (oxygen can act as
a catalyst to lower this barrier, thus annealing in vacuum or an inert gas is essential). Diamond can be annealed in
vacuum at a temperature as high as 1800 K without graphitization (see chapter 13.3 of Ref. 14). There is, however, a
small increase of the /p/I; ratio for these annealed fa-C fims, presumably due to the graphitization of the <20%

sp’-bonded carbon chains in as-grown fa-C films.

Figure 3 shows the normalized Raman spectra of all za-C,_,:Xe, thin films with increasing implantation fluence. The
change in the spectral shape is small. The Ip/I; ratio increases slightly, up to 2.3, and is almost independent of Xe
fluence. Therefore, we conclude that the change of the matrix caused by the energetic Xe implantation process is
small for these as-implanted control samples: a small fraction of sp’ bonds have been converted to sp’ bonds. These

results are in agreement with a study on radiation-induced transformation of diamond."

Figure 4 shows the Raman spectra of all za-C,_,:Gd, thin films, where the peak height was normalized to emphasize
the change in line shape. In contrast to the ta-C;_:Xe, samples, there is a noticeable shift of spectral weight to lower
wavenumbers (towards the D-position) and a pronounced change in line shape for the highest Gd concentrations. For
x=0.20 (single-energy implanted) and x=0.176 (double-energy implanted), a broad peak with very low Raman
intensity is observed, and the peak maximum is shifted to much lower wavenumber. Fitting to two peak profiles to

simulate the D and G modes is impossible for these samples.

Figure 5 shows the un-normalized Raman spectra of the single-energy implanted fa-C;_,:Gd, films. The inset shows
the total Raman intensities (/p+/) of both the Gd-and Xe-implanted samples. For the 7a-C,_,:Xe, films, the total
Raman intensity is only slightly lower than the pure 7a-C and almost independent of Xe fluence, similar to the x
dependence of its /p/l; ratio. However, the Raman intensity of the 7a-C,_,:Gd, films decrease monotonically and
dramatically with increasing x. This suggests that the incorporated Gd atoms convert local bonds into Raman
inactive bonds in this energy range. This low Raman intensity supports the HR-TEM results that show carbon atoms

are not clustering; otherwise, a much more Raman-active carbon matrix would be seen.

After rapid thermal annealing to 550°C, the D and G peaks in Gd-implanted films become more pronounced and the
Ip/I; ratio of the implanted samples increases up to 8 for both the Xe-and Gd-implanted films (see e.g. Figure 3,
dotted line), which was not the case for the unimplanted ta-C films. This can be understood by graphitization of the

implantation-induced damage centers, which include vacancies, interstitials, dangling bonds and defect clusters.



Although there is some initial graphitization upon room temperature implantation, most of the damage centers are
“frozen” and bond rearrangement is unlikely at this low temperature. However, during annealing at sufficiently high
temperatures, vacancies and interstitials become mobile, and local bond rearrangement is possible. This results in the
formation of more stable sp’~-bonded graphitic sites which gives rise to a more intense Raman D line and thus, as

observed, a much larger /I ratio after annealing.
B. Magnetization

The Xe implanted ta-C samples show no magnetic signal above the SQUID detection limit (107 emu) at any
temperature, thus all observed magnetization in ta-C;.,:Gd, films is due to Gd incorporation. For Gd-implanted ta-C
with x<0.07, M(H,T) follows the pure paramagnetic J=7/2 Brillouin function. The low field (100 Oe) magnetic
susceptibility y(7) fits a Curie-Weiss (CW) law down to 2 K (the lowest measured temperature) with very small CW
temperature |9]<1 K. At higher x>0.088, y(7) shows increasing 9 (up to 5 K) and by x=0.176, y(T) shows clear
spin-glass (SG) freezing, as indicated by a split between zero-field-cooled (ZFC) and field-cooled (FC) (7). Fig. 6
shows y(7) for the double-energy implanted ta-Co 34Gdo.176 sample . The spin-glass freezing temperature T,
estimated from the splitting between the ZFC and FC data is 5 K (ac susceptibility measurements were not made for
these samples, but extensive previous work on the related system a-Gd,Si;_, shows classic SG behavior in y(7), see
Refs. 16 and 17). For all ta-C,.,:Gd, samples, the CW fits of the paramagnetic state y(7) (for high x, at 7>T)) reveal
effective moments p.;between 8.1-9.4 ug per Gd atom (as shown in Table I) and low 6 values. For a free Gd*" ion
Pe=7.9 pp and typical Gd-based amorphous materials have py~ 8.5 pg and 8 >> Ty. The enhanced p.y often found
in Gd-based materials is attributed to polarization of s electrons by the s-f exchange interaction which is also
responsible for the carrier-mediated RKKY interactions seen for Gd metal and alloys, which leads to SG freezing
and large @ for moderate x.% '°

Figure 7 shows the magnetic field dependence M(H) of the same double-energy implanted ta-C g4Gdy 176 sample at
various 7. M(H) is suppressed well below the Brillouin function for free J=5=7/2 ions, consistent with the observed
SG freezing and again indicative of the presence of strong magnetic interactions. The f~shell of Gd is sufficiently
well shielded, and the distance between Gd ions (even in pure Gd) sufficiently large that only a conduction
electron-mediated interaction (which we call RKKY-like for lack of a better term, in this amorphous structure) is a
viable candidate to produce the strong Gd-Gd interactions we observe (e.g. lack of saturation of M(H) even at low
temperature and high field. The data show a small hysteresis loop at 2 K (vanishes at /#>1000 Oe or 7>T}), also
consistent with the SG freezing behavior seen in the y(T) data in Fig. 6. Based on the magnitude of suppression of
M(H,T) below the Brillouin function, the strength of the frustrated antiferromagnetic interactions in fa-C,.,:Gd, are
comparable to those in co-sputtered a-Gd,C_, "and in a—GdXGel_X,6 but weaker than in co-sputtered a—GdXSil_x,18 for

which a representative dataset (solid squares, for a-Gdy 145Sigg55) at 2 K is included in Fig. 7 for a direct comparison.

C. Electrical Transport and Magneto-transport



Figure 8 shows temperature dependence of dc conductivity, o(7) for all as-implanted ta-C,_,:Gd, films. As discussed
above, we approximate the profile as a homogeneous buried doped layer with Gd concentrations and thicknesses
from RUMP analysis of RBS data. Using this method, the room temperature conductivity (orr) of taC;_,:Gd, samples
falls in the same range as fully homogeneous, co-deposited amorphous metal semiconductor alloys, e.g. a-Gd,Cy.y,’
a—deSil_x“’ > and a-deGel_X.6 ort 1 extremely low before implantation [6(295 K)~10'9 (Q-cm)'1 for virgin ta-C films]
and is increased orders of magnitude after Gd implantation [~10* (Q-cm)™']. Xe-implanted ta-C;.,:Xe, control

samples were also prepared and measured; implanting Xe also increases ogr, but two orders of magnitude /ess at
room temperature than for the same dose of Gd (the difference in ¢ is much greater at low 7). This difference is true
even for implantation fluence exceeding the critical dose (Do~3%10'* atoms/cm™) to form a percolation path between

the damage centers in ta-C,.: Xe,, consistent with the known low radiation-induced density of states at the Fermi

level in diamond [N(E F)NIO19 states/eV'cm3].15 Therefore, the dominant contribution to ¢ for ta-C;_.:Gd, is from Gd

doping (~3¢ per Gd*" ion), i.e. the formation of a dopant band, and implantation-induced conducting centers of the
ta-C matrix contribute only secondary effects. The large orr indicates a large number of carriers near the Fermi

surface, subject to strong localization effects due to disorder.

A concentration-driven metal to insulator (M-/) transition is commonly observed in both amorphous metal
semiconductor alloys and crystalline doped semiconductors. The term metal or insulator refers to the 7=0 K
conductivity, which is finite for metals and zero for insulators. Figure 8 shows that as T is decreased, all 7a-C,_,:Gd,
samples are on the insulating side of the M-/ transition, since g (7—0 K)—0 even for x=0.20; much higher than the
critical concentration xc~0.14 found in other Gd-doped amorphous semiconductors. The insets in Fig. 8 show that
orr increases with x for x<0.088, but then decreases for x>0.088 for both the single and double-energy implanted
samples. This non-monotonic concentration dependence of ¢ is completely different than what was seen in a-Gd,Si
and a-Gd,Ge,.,, where a monotonic increase in ogr was found, passing smoothly through the insulator to metal
transition, for x up to 0.25 (above which TEM showed signs of Gd clustering), but similar to what was observed in
sputtered a-Gd,C, ., films where the non-monotonic dependence was attributed to a competition between increasing
dopant concentration and increasing modifications to the C-matrix.” However, unlike sputtered a-Gd,C., films, no
correlation between the /p//; ratio and ogr as a function of x is found. This non-monotonic conductivity dependence

on x will be further discussed below.

For three dimensional (3D) insulating materials, a(7) is expected to be exponentially dependent on 7, with exponent
a=1/4, 1/2 or 1, corresponding to different transport mechanisms: 3D Mott type variable range hopping (VRH),
Efros-Shklovskii (ES) type VRH or a single activation energy hopping, respectively. The best fit for these data is
found for a=1/2 consistent with ES type VRH (a model that incorporates strong electron-electron interactions as well
as the effects of disorder in the transport process), as for other Gd-doped amorphous semiconductors. Figure 9 shows
o(T) plotted on a logarithmic scale vs T* with a=1/2. On annealing, the matrix itself becomes significantly

conducting, and actually metallic (non-thermally activated) at low 7" but with low and complicated o(7).



Figure 9 also shows o(7) in 70 kOe field applied parallel to the plane of the film and the current direction (previous
work on a-Gd-Si alloys has investigated the effect of different field directions, and shown it to be insignificant, not
surprisingly for Gd-based 3D materials which have very little magnetic anisotropy). This sample, and all other
ta-C,:Gd, samples, shows an enormous increase in conductivity with applied field, i.e. a very large negative MR
(e.g. -10%at 3 K, 70 kOe for x=0.088), where MR is defined as usual as Ap/p(H) and we note that MR = -MG
(magnetoconductance) = 4a/o(H=0), where Ao=o(H)-o(H=0)]. This conductivity increase can be understood in a
modification of an Anderson localization model that the applied magnetic field increases the localization length of
the electrons by aligning Gd moments, therefore reducing one type of disorder seen by the electron carriers
(magnetic disorder due to s-f'exchange coupling between the electron carriers and randomly-oriented local f'states of
Gd ions). The zero field and high field data in Fig. 9 converge at a temperature which we call 77; this temperature is
taken as the temperature below which the effect of the Gd magnetic moments becomes important to the conductivity.
No significant signature in any magnetic property has yet been found at this temperature (for any of the many
Gd-based amorphous semiconductor systems yet studied), which is therefore taken to represent a crossover below
which moment-carrier interactions become a dominant effect in transport. 7” will be discussed further below and

more carefully defined.
IV. DISCUSSION

Raman line shapes and the /p//; ratios indicate that after implantation, the matrix of the ta-C,_,:Gd, films has lost
some of its sp3—bonded character but is still much less graphitic than co-sputtered a-Gd,C., films. For co-sputtered
a-Gd,C., thin films, Raman spectra show a distinct D peak corresponding to the disordered sp’-bonded graphitic
rings and the /p//; ratio can be as high as 12 (for x=0.11) (compared to <3.3 for ta-C,_,:Gd,). For ta-C,_,:Gd, thin
films, the starting matrix is highly sp’-bonded (>80%). After Gd implantation, there is no clear sign of development
of'a D peak with increasing x, but there is a strong monotonic decrease of Raman intensity with increasing Gd x to
the extent that no reliable Ip/I; ratio can be obtained for x>0.088. The oy of ta-C,_,:Gd,, like sputtered a-Gd,C,_,
films, increases with x for low concentration, indicating that Gd dopes both types of C matrices. orr then decreases
with x for both matrices (above a threshold concentration x,; ~0.11 for co-sputtered a-Gd-C and 0.088 for
Gd-implanted za-C). In both cases, Raman data show that the reduced o is due to changes in the carbon matrix, but
the types of changes are quite different. In the sputtered films, a clear (inverse) correlation between Ip/l; and ogr is
found above x,,. By contrast, no such correlation between Ip/I; and x or ogy is found in ta-C,_,:Gd,. For x<x,, = 0.088,
the implant-induced damage centers in the fa-C matrix are not converted into graphitic sites (without RTA treatment)
thus o increases with x but shows no dependence on Ip, Ip/I; ratio or matrix graphitization. When x>x;;, the unknown
Gd implant-induced damage centers (which are Raman inactive in the measured spectrum region, hence have no
effect on Ip/I; ratio) in the ta-C matrix reduce conductivity, effects that compete with the increased carrier

concentration associated with Gd doping and therefore cause a non-monotonic dependence of ¢ on x.

Annealing (RTA treatment) of the implanted samples (both Gd and Xe) greatly increases o(T) for all x. This is due to



bond rearrangement within damage centers leading to a much more conducting, graphitic matrix, as indicated by the
development of D peaks (nof seen in as implanted 7a-C films as shown in Fig. 3) in the Raman spectra upon
annealing. Despite the fact that the Raman spectra (which are sensitive only to the presence of D and G type
structures, and hence only indirectly to the sp® bonding) do not show a significant change for as-implanted samples,
the implantation process has clearly already created damage centers which destabilize the sp’ metastable bonds, and
these damage centers serve as precursors for sp” nucleation which develop upon annealing. Films become metallic
due to these more conducting graphitic centers in the a-C matrix. Also, on annealing, the MR (= —-MG) becomes
smaller due to the large increase of ¢(4=0) in the denominator, even though the absolute change 4o actually

increases.”

The high field magnetic properties M(H,T) of all the different Gd-doped amorphous semiconductors show similar
behavior, with no sign of a magnetic phase transition but significant suppression below the Brillouin function at
lower temperature even at quite high field, indicating strong frustrated Gd-Gd magnetic interactions. This frustration
leads to a SG freezing at higher Gd concentrations, for all matrix types, with a freezing temperature that increases
approximately linearly with increasing Gd concentration. Based both on the nature of the Gd 4f'shell, and on earlier
work on Gd-Y-Si alloys, these interactions are an indirect carrier-mediated exchange, which we have called
RKKY-like (the lack of crystallinity makes the theory necessarily somewhat different than the original RKKY
theory). The degree of suppression in M(H,T) below the Brillouin function indicates that these Gd-Gd interactions
are strongest for ¢-Gd,Si;_,. This is likely due to a competition between the strength of the s (carrier)-f (local Gd
moment) exchange interactions in the different local environments, directly related to the different MR, and different

atomic densities due to the different atomic sizes of C, Si, Ge.

Despite the similarity in high field M(H,T), the low field susceptibility y(7) (analyzed above the SG freezing if any)
is significantly different for the different types of matrices. }(7) data on both the present fa-C:Gd samples and
previously reported sputtered a-Gd,C_, samples show a relatively simple Curie-Weiss law fit with an effective
moment that is independent of x and somewhat greater than the 7.9 pg of the Gd** J=S=7/2 ion, as is commonly seen
in Gd metallic alloys, and low @values (near 0 K for low x increasing to 5 K for higher x, still less than the freezing
temperature). As a comparison, }(7) data on a-Gd,Si;., samples also show a near Curie-law dependence (low 6
value), indicating that the Gd-Gd interactions while extremely strong are nearly perfectly balanced ferromagnetic
and antiferromagnetic interactions, but have an effective moment with a non-trivial dependence on composition
including a peak at the M-I transition. By contrast, (7) data for a-Gd,Ge,., samples cannot be fit with a Curie (or
Curie-Weiss) law, hence no effective moment value can be extracted, but }(7) is quite small compared to both
a-Gd,Si, and a-Gd,C,., and is well fit to an 4/T" dependence, with ¢=0.7 for all x, a monotonic dependence of 4 on

x, and no sign of the M-I transition.

These results show a systematic trend on changing from C to Si to Ge matrices from (for C) a relatively simple local

Gd moment interacting via RKKY-like interactions and producing a small carrier polarization that adds to the
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effective moment of the Gd*" ions as is often seen, to a material (Si) where the magnetic behavior is somewhat like
traditional Gd alloys but with a moment-carrier interactions which results in a large and non-trivial x dependence of
effective moment, and finally to a material (Ge) where the magnetic properties are nothing like the usual Gd-based
systems. To the best of our knowledge, there is no theory for this systematic trend; we suggest that it results from the
systematic drop in electron density (cm™) (for the same Gd concentration x) due to increasing atomic
spacing/decreasing atomic number density (C-C distances being the smallest and Ge-Ge the largest) which causes

changes in the nature of the carrier-local Gd>* moment interactions.

Turning now to a discussion of the magneto-transport, despite the different types of C matrices, all Gd-doped a-C
possess large negative MR at low 7, with a magnitude that decreases exponentially with increasing 7. The low-T
large negative MR is attributed to a magnetic disorder-induced carrier delocalization with increasing magnetic field;
applying a magnetic field (partially) aligns the Gd moments thus reducing the disorder seen by the transport carriers,
leading to increased conductivity. The inset of Fig. 9 shows the magnitude of MR vs T for the x=0.07 sample
whose conductivity was shown in the main part of Fig. 9. This exponential dependence is similar to that previously
found for both ¢-Gd,Si,., and a-Gd,Ge,_, which have negative MR that vanishes exponentially with increasing 7" and
with increasing x, (but is still measurable at 90 K). We note that at low T, small positive MR is commonly found in
non-magnetic disordered electron systems due to electron correlation effects, and small negative MR from

elimination of quantum backscattering.*’

Figure 10 compares the 7-dependence of the negative MR for Gd doped in various matrices. The low-7T negative MR
(or positive MG) is of the same magnitude at a given x, 7 and H as that for sputtered a-Gd,Si;, and a-Gd,C,_,, and
much larger than for a-Gd,Ge_, films. (We note that the strongly insulating nature of most of the Gd-C samples
precluded low 7"MR measurements for all but the most conducting of these). The magnitude and temperature
dependence of MR for the two types of Gd-C samples (the present implanted #a-C and the previous work on
sputtered a-Gd-C alloys) are quite similar in both magnitude and temperature dependence, deviating only above ~15
K; all three have relatively similar x. The significant reduction in MR between a-Gd,Si;., and a-Gd,Ge,., was
discussed in Ref 6, where it was suggested to be associated with an increase in electron screening due to the reduced
band gap (and higher dielectric constant) of a-Ge; the present results suggest that screening effects are similar in
ta-Cy.:Gd,, a-Gd,Si;., and a-Gd,C., at low T, and much weaker than seen in a-Gd,Ge;_,. In the carbon matrices, the
magnetic properties [M(H,T)] is closest to a simple model of local Gd*" moments interacting via RKKY-like
interactions, with p.sindependent of x, suggesting that the carrier-moment interactions are local enough to be nearly

unscreened.

Although the low temperature MR behavior is similar, at 4igh temperature, a-Gd-C samples show a small positive
MR (<10%) with almost no T or x dependence, while a-Gd,Ge;_, has a small 7 and x independent negative MR, and
a-Gd,Si;, has nearly zero MR at high 7' (meaning above ~100 K) for all x. For both a-Gd,Ge;_, and a-Gd,Si,_,, it was

possible to define a characteristic temperature below which the Gd moments affected electrical conductivity. This
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temperature could be defined either by some choice for a cutoff MR (e.g. 10°, 1% or 10%) OR by comparing
zero-field o(T) to o(T) for non-magnetically doped analogues a-Y,Siy. or a-Y,Gey...>*' The latter method is very
effective for metallic samples (x>0.14 in a-Gd,Si;., and a-Gd,Ge;_,) because it is a zero field measurement and
provides an unambiguous characteristic temperature which we defined as 7%, but is ineffective for insulating samples,
briefly because the temperature dependence is not a simple power law and the dependence on x is far too strong to
allow simple comparison to nonmagnetic analogs. The former method, based on magnetoresistance, gives a
temperature which we will here call 7"; T’ depends on the magnitude chosen for the cutoff MR, but since MR
vanishes exponentially with increasing temperature in both ¢-Gd,Ge;_, and a-Gd,Si,_,, the choice is not significantly

important. For a-Gd,Ge,., and a-Gd,Si,,, T" is different (lower) than 7*, but the dependence on x is the same.

In this work, all of the ta-C,.,:Gd, samples are insulating, so 7* cannot be defined. Instead, by analogy to 7" above,
for all the ta-C,_,:Gd, films in this study, as well as in the previous work on sputtered a—GdCl_x,7 we define 7" as the
temperature at which MR switches from positive to negative in a 70 kOe field; Fig. 9 inset showed an example. (We
note that a cutoff of 10 for MR could equally well have been used to define MR).  This crossover temperature 7"
correlates perfectly with 7* for materials where both can be defined, and plays a similar role to 7*, namely it
establishes a temperature scale below which Gd carrier-moment interactions dominate, causing the very large

negative MR that dominates (in the C-based materials) the small high-7 positive MR.

Figure 11 shows 7"as a function of x for fa-C,_:Gd,, sputtered a-Gd,C,_, and a-Gd,C,_:H. Quite remarkably, 7"
shows a linear increase with x, independent of the details of C matrix type. This increase is in stark contrast to the
decreasing T* (and T") with increasing x seen in a-Gd,Si,., and a-Gd,Ge,.,, as well as ternary a-Gd,Y,Si;_, alloys for
constant x, and increasing y, which was interpreted as a consequence of increased screening of electron-moment
interactions with the increasing metallicity associated with increasing x.>' The dependence on x seen in Fig. 11
suggests that screening plays little or no role in the 7-dependence of MR for ta-C, ,:Gd, and sputtered a-Gd,C, ;. ,
unlike in a-Gd,Si,., and a-Gd,Ge,.,. We suggest that this is again an indication of a very local nature of the Gd
moment-carrier interactions in the amorphous C-based systems, unlike Si and even more so Ge. In particular, we
note again the most obvious difference between the three matrices: their atomic density. For a given value of x, the
measured Gd number density (Gd atoms/cm3) in a-C is the highest, followed by a-Si then a-Ge. The carrier density
in the impurity band of each is correspondingly highest for a-C, followed by a-Si then a-Ge, leading to our above
comments on the cause of the increasingly local nature of the electron-moment interactions. Competing with this
effect is the changing band gap, which decreases from C, to Si, to Ge; this increases electron screening due to virtual
(not thermal) excitation of carriers from the impurity band to the conduction band in these correlated electron

materials near the M-I transition.
V. CONCLUSION

In summary, fa-C thin films with high starting sp’ fraction provide a new type of a-C matrix to study moment-carrier

interactions when doped with the magnetic Gd ion. The MR of the 7a-C,_,:Gd, films is extremely large but does not
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exceed that of a-Gd,Si,.,, contrary to the expectation that the increased band gap of ta-C would cause increased MR
effects, including higher temperature MR. This negative result is likely due to radiation damage to the sp” sites, a
result that is enhanced further by annealing which causes further conversion to sp2 bonding. For a given x, the
magnitude of the negative MR below a crossover temperature 7" for ta-C,_,:Gd, is comparable to a-Gd,Si;_,, and
larger than a-Gd,Ge.,. The crossover temperature 7, which indicates the strength of interactions, increases with Gd
x, unlike what is seen in a-Gd,Si, ., a-Gd,Ge,_, and ternary a-Gd,Y,Si,.,. This difference is suggested to be due to
the extremely local unscreened nature of the carrier-moment interactions in Gd-C compared to the more extended
interactions in Gd-Si and even more so in Gd-Ge. With quite different starting matrices and process conditions,
implanted za-C,_,:Gd, and co-sputtered a-Gd,C,_, have little to no change in MR and magnetic properties, though
some differences are seen in the detailed transport properties which can be explained by the differences in their

Raman spectra.

Comparing the different Group IV matrices, in both types of a-C, the Gd ions behave as large bare moments, with
little screening; they interact via RKKY-induced polarization of carriers, which produces a spin glass for high x, and
have large negative MR due to interactions between well-defined local moments and carriers. In a-Ge, where the
carrier concentration n (proportional to the atomic number density) is the lowest for a given Gd x, and the band gap
is the smallest, the magnetic properties of the Gd ion are significantly screened, the Gd-Ge interaction is weakened,
leading to a small but still negative MR. In a-Si, where the carrier concentration is moderate, electron screening
modifies the bare Gd moment but still leaves it behaving as a local moment, which produces extremely large MR.
These changes in carrier-local moment interaction cause changes in the strength of the Gd-Gd interactions, with
resulting changes in the M(H, T), but overall for all the amorphous matrices (C, Si, Ge), the Gd-Gd interactions
remain strong, with mixed ferromagnetic and antiferromagnetic frustrated interactions. The systematic but

non-monotonic trends in these group-IV matrices suggest that electron and band gap play separate import roles.
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TABLE I ta-C,.,:Gd, sample information. Single-energy implantation above line; double-energy implantation below line

X ta-C 155Gd Gd Peft ¢ oxr ©

thickness fluence energy

(nm) (10" ion/cm®) (keV) (1p) (K) (Q-cm)
0.040 42 5.0 50 8.54 0.6 2493
0.070 42 9.5 50 9.35 -0.7 527.9
0200 42 40 50 8.80 5.66 312.2
0.022 43 2.543.25 30+50 9.02 -0.4 39.7
0.088 61 10+13 30+50 8.88 -1.6 253.6
0.176 43 20+26 30+50 8.12 2.56 161.0

a. Obtained from RUMP'' simulation of RBS data, assuming a simple trilayer model as described in
the text.

b. peyper Gd obtained from measured magnetic susceptibility y(7) fit to 4/(7—0) , where 0 is the
Curie-Weiss temperature and Curie-Weiss constant A=nGd(peﬁuB)2/(3kB)

C. ORrr, room temperature conductivity

FIG. 1: (a) TRIM simulation of double-energy (30 keV+50 keV) implantation of 7a-C with a density of 3 g/cm’,
revealing a more uniform depth profile from the overlapping of two Gaussian type single-energy implantation
profiles; (b) RBS data and RUMP simulation for a double-energy implanted sample with two ion fluences of 1x10'°
ion/em? (30 keV) and 1.3x10"® jon/cm? (50 keV). The best fit was obtained using a simple layered structure:
undoped fa-C(5 nm)/ta-Cg.912Gdg 08(20 nm)/ta-C(36 nm).

FIG. 2: Three representative cross-section TEM images for Gd implanted ta-C, implanted with the highest total ion
fluence. The left picture shows an overview of the whole film. The Pt top layer originates from the FIB preparation
process. The middle micrograph shows a magnification of the implanted film — note: the SiN substrate is in the left
upper part and the surface of the ta-C-film in the right bottom part of the micrograph. The Gd containing layer is
clearly visible by the strong contrast change induced by the high Z of Gd. The right picture is an HR-TEM zoom out

image of the center Gd layer: No crystalline clusters or precursor lattice fringes are visible.

FIG. 3: Raman spectra of pure fa-C and ta-C,_:Xe, thin films. Solid lines represent spectra of single-energy

implanted samples; dash dotted lines are spectra of double-energy implanted samples. The dotted line shows for
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comparison a Raman spectrum of an annealed sample with x=0.07. Data are normalized to peak intensity and offset

from each other for clarity.

FIG. 4: Raman spectra of ta-C,—,:Gd, thin films, which were prepared by (a) single-energy implantation or (b)
double-energy implantation. The two dashed lines are control spectra of samples implanted with high fluences of Xe.

Note the apparent difference between the ta-C,—,:Gd, and ta-C,_,:Xe, Raman spectra.

FIG. 5: Unnormalized Raman spectra of single-energy Gd-implanted ta-C thin films with increasing concentration.

The inset shows the observed peak intensity (Ip+/g) vs x for both ta-Ci—_,: Xe, and ta-C,_:Gd, samples.

FIG. 6: (Color online) Zero field cooled (ZFC) and field cooled (FC) dc susceptibility y vs T for the double-energy
implanted ta-Cy g24Gdyg 176 sample showing SG freezing (measured at dc applied magnetic field ~100 Oe). Inset:
expanded temperature range of y(7), which follows the Curie-Weiss law with small (2.5 K) @and p.yof 8.12,
determined from y(7) above Ty

FIG. 7: (Color online) M vs H data for the double-energy implanted fa-Cy g,4Gdg 176 sample at various T. Inset:
hysteresis loop at 2 K (below Ty). M(H) at T=2 K for a co-sputtered a-Gdy 13Sio 37 film is also plotted for comparison.
The Brillouin function for J/=7/2 at 2 K is shown as a solid line. For these data, the total implant dose was used to
give the number of Gd atoms needed for converting measured total m to the intrinsic M, requiring no assumption

about film thickness or density.

FIG. 8: Conductivity o(7) for (a). single-energy implanted; and (b) double-energy implanted samples. Insets: ogr as

a function of x. ogr for undoped fa-C is 10°(Q-cm) .

FIG. 9: (Color online) Conductivity o(7) as a function of 7" for the single-energy implanted x=0.07 sample at 0
and 7T. The two data sets converge at approximately 22 K, which is taken as the onset of the effect of the Gd
moments on conductivity. Inset shows T dependence of absolute values of MR (MR = 4p/p(H) =-MG =
Aolo(H=0), where Ao=0(H)-o(H=0) and 4p =p H)-p(H=0)] in order to show both -MR and +MR and the

temperature 7" defined as the temperature where MR crosses through 0.

FIG. 10: (Color online) MG (-MR) comparison among difference semiconductor hosts of the Gd dopant. The

horizontal dashed line at MG=10" is shown as an example of an alternative definition of 7 to that chosen in this

paper.

FIG. 11: (Color online) 7 'as a function of Gd doping x for different a-C matrices, including sputtered a-C(:H) films
and IBD ta-C films. Note that MR can only be measured at low 7 for the most conductive samples which are still on

the insulating side of the M-I transition. Alternative definitions of 7' (e.g. MG=10") would not significantly change
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this plot.
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(figures are included here to facilitate the review purposes. High quality ones will be attached separately)
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