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COMMENT 
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Abstract. The low-temperat-RF penetrationprofleis obtainedfor the particular 
-e of impurity NMR probes diffused into the surface of a metallic host specimen. 
Conditionsunder wl f id~  an exponential RF profile description remains appropriate- 
presented and the significance d the results for a previous analysis of singlepassage 
NMRON datafor 'Z5SbFeis assessed 

1. Introduction 

In a recent article published in this journal (Yazidjoglou et d 1991), singlepassage 
NMR on oriented nuclei (NMRON) results for singlecrystal "'SbFe were analysed in 
terms of an absolute theory without recourse to arbitrary scaling factors. Central 
to the analysis was the assumption that a radiofrequency (RF) field decays exponen- 
tially as it penetrates a metallic specimen. To this end, a weighted average (accord- 
ing to lz5Sb probe concentration) of singlepassage curves computed for different RF 
strengths was performed. Further, a simple 'enhancement-like' model for the perme- 
ability was introduced to account for the dependence of the RF penetration on an 
additional DC polarizing field. 

However, the situation is potentially more complicated because of the influence of 
impurities on the local electrical resistivity. This is particularly so at the low tempera- 
tures (< 10 mK) employed for NMRON experiments where the residual resistivity is 
significantly dependent on impurity concentration. It has been suggested that a non- 
uniform impurity probe concentration will then lead to a non-exponential RF profile. 
The purpose of this brief article is to determine the form of the low-temperature RF 
profile for an impurity concentration which decreases exponentially with depth and, 
more specifically, to assess the significance of this postulated effect for the previous 
lZ5SbFe analysis. 

2. Theory 

In the case of an RF field applied parallel to the infinite surface of a thick, planar 
specimen (which is a reasonable representation of the experimental situation so long 
as the probe nuclei are diffused into a small central region of the specimen's surface), 
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the attenuation of the local RF field, Em, as it penetrates the conducting medium is 
described by 

dBRF=-- dx 
B, 6 

where x is the penetration depth and 6 is the local RF skin depth given by 

p is the electrical resistivity, p is the permeability and w is  the RF angular frequency. 
It is usual to assume that the concentration of thermally diffused probes decreases 
exponentially with depth according to 

e(+) = e(0) exp - (2) (3) 

where xRMS is the root mean square diffusion depth and e(0) is the concentration at  
the surface (x = 0). 

For probes which are chemically indistinguishable from the host atoms, the re- 
sistivity p is independent of the probe concentration and equal to that of the host 
material. Following Isbister and Chaplin (1990), the dimensionless parameter, w, is 
defined as 

ZRMS 

6host 
w=-  (4) 

where 6host is the depth-independent ~ F s k i u  depth, given by equation (2 )  for p = phOsl. 
The solution to equation (1) is then the familiar exponential decay, 

which was assumed for the recent analysis of lZ5SbFe siugle-passage NMRON data. 
However, for probes which are chemically distinguishable from the host atoms 

(i.e. for impurity probes), the low-temperature residual resistivity typically increases 
linearly with the local impurity concentration (Schrljder 1983, pp 15-18) according to 

dx) = Phwt + Kc(') = Phast + (6) 
If it is assumed that the permeability, p ,  remains unaffected by the impurities, then 
equations (Z), (3) and (6) lead to a depth-dependent RF skin depth, 6(x), where 

and A p ( 0 )  is the impurity-induced increment in residual resistivity at  the specimen's 
surface. Substitution of equation (7) into equation (l), followed by integration leads 
to 
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Figure 1. Low-temperature RF profiles computed for Ap(O)/ph.,, = 0 (full curves) 
and A P ( O ) / ~ ~ . , ~  = 2,20 (broken curves) with (a) w = 3.5 and (a)  w = 9. The 
-mum deviations, D, of exponential curves (dotted curves) least squares fitted to 
the RF profiles are represented by full vertical lines. 

where 6(0) is the local FLF skin depth at the surface (z = 0). The dependence of 
BRF(z)/BRF(0) on z/zRMs (via equations (7) and (8)) is thus determined by the two 
parameters, w and Ap(O)/phOst. By comparison, the more familiar case for chemically 
indistinguishable probes (equation (5)) is determined by w alone. 

RF profiles computed using equation (8) are shown in figure l (a)  (w = 3.5) and 
figure l ( b )  (w = 9) for selected values of Ap(0)/ph, , , .  The RF profile for Ap(0) /phost  = 
0 corresponds to the pure host case (equation (5)). As expected, the RF penetrates 
further into the specimen as the impurity concentration, and hence Ap(0)/ph,,,, is 
increased. However, the transformation from an exponential RF profile into one which 
is significantly non-exponential is gradual. This means that, for sufficiently small 
impurity concentrations, it should be possible to treat the RF profile as an exponential 
of the form of equation (5 )  but with an effective parameter, tue8, which will be larger 
than the w defined in equation (4). This work has employed standard linear regression 
procedure to analyse the semi-log plots of RF profiles computed in the range 0 < 
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z/zRMS < 3, subject to  the condition that BRF(z ) /Bm(0)  > 0.03. Exponential 
curves so derived are shown as dotted cuives in figure 1. One measure of the quality 
of the exponential approximation for any particular combination of tu and Ap(0)/ph,, 
is the maximum deviation, D, of the computed RF profile from its fitted exponential. 
These maximum deviations are inchded in fignre 1 as full vertical bars. 

on Ap(0)/phost for selected values of 
w. lo order to depict the variation ia the qualihy of bhe exponential approximation 
to the RF profiles, the field has been divided arbitrarily into three regions; full curves 
have been used where D f 0.03, broken curves where 0.05 < D < 0.06, and dotted 
curves where D 2 0.06. 

Figure 2 presents the full dependence of tu e. 

z 
I: 

..................................... ......................... x_ .................. s ..... 

AP@) /PhOSt 
Figure 2. wee U a function of Ap{O)fphart for selected values of W. The full 
NTWS indicate regions where D q 0.03, the broken curves indicate regions where 
0.03 < D c 0.06, and the dotted w v e s  regions where D 0.06. The shaded regions 
refer to the possible interpretations of an earlier lZsSbFe analysis (see tent). 

3. Discussion and conclusions 

The recent analysis of ? S b F e  single-passage NMRON data (Yazidjoglou et al  1991) 
ignored the influence of the diffused Sb impurities on electrical resistivity and as- 
sumed an exponential RF profile. Bence the analysis should be interpreted as having 
yielded the effective parameter, weW In principle, w can be obtaiined from figure 2 if 
Ap(O)/p,, is known. Furthermore, the reliability of the exponential approximation 
will, itself, depend on the value of Ap(0)/phost. 

However, in practice it is just as difficult to estimate Ap(0)/phast as i t  is to estimate 
w itselt Equation (6) relates Ap(0) to the impurity concentration at the specimen’s 
surface which, in turn, is determined by zRMs. Estimation of Ap(O)/p,,,, therefore 
requires values for the two parameters xms and p,,,. If the permeability model 
introduced by Yazidjoglou et a /  (1991) is employed, then estimation of a theoretical w 
requires values for these same two parameters. Table 1 demonstrate that estimates 
of Ap(O)/p,,,,, (column 3) and w (columns 4 and 6), for the investigated 125SbFe 
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Table 1. Comparison of w estimates for Iz5SbFe for both zero and saturating 
(Bapp = 0.6 T) Dc applied fields. 

3.3= 5.3' 0.7 13 '9 5 3.5 
1.4d 2.7 3.5 12.5 1.3 4.5 

0.374b 5.3' 6.2 38 16.5 13 6 
1.4d 23 10 30 3.5 11 

Based on conductivity values of D = 3.3 x 10s(n m)-I (White 1968) and m = 

z m s  estimates using diffusion constants of Do = 0.11 mz C1 (Bruggeman and 

Ap(0)  = Kc(0) where K(SbFe) = 7 x 0 m/(at.% Sb) (SdrrBder 1983, p 253). 
Via equation (2) employing resonance frequencies and modelled +: valuer from 

26.7 x 108(n m)-' (Fulkerson et a1 1966) respectively. 

Fbberts 1968) and Do = 0.008 m2 8-l  (Myers and Fbck 1978) respectively. 

Yazidjoglou et 0 1  (1991). 
s According to figure 2 for given we# and Ap(O)/phOrt values. 

specimen, depend very much on which combination of published diffusion constants 
and electrical resistivities is adopted. 

Assuming that the single-passage NMRON data analysis yielded valid effective pa- 
rameter values of w,, = 7 (for Bapp = 0 T) and weff = 3 (for E,,, = 0.6 T), then 
the Ap(0)/ph, , ,  estimates can be used in conjunction with figure 2 (shaded regions) 
to  obtain the w values given in columns 5 and 7, respectively, of table 1. From ta- 
ble l it is seen that the best agreement between w so derived and the theoretical w ,  
is achieved for Ap(O)/p,,,, = 0.7. This is the smallest of the Ap(O)/phoSt estimates 
which suggests that the exponential RF profile assumption was probably a good one. 
It is the authors' opinion that D < 0.03 is sufficient for the exponential approximation 
to be valid. In this regard, note that all weff = 7 shaded areas in figure 2 fall where 
D < 0.03, irrespective of the value of Ap(O)/phOst. 

In conclusion, the influence of diffused impurities is to increase the overall RF pene- 
tration and, ultimately, to significantly distort the exponential RF profile. However, 
for the recent single-passage NMRON investigation of '"SbFe, the assumption of an 
exponential RF profile most likely remains a valid approximation. 
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