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Transient NMRON studies of dilute 54Mn in single-crystal Fe 
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Abshact. Thc sign, mode ma@Me, and distribution of the electric quadrupole interaction 
(E@ in singbcrystal  MII IF^ have ken examined dong an easy (100) direetion for the fust 
time using transient NMR on oriented nuclei ("ON) techniques. S i g b p a g e  experiments 
yielded the sign of the EQI as Wig negative, and the modulated adiabatic passage on 
miented nuclei (MAFUN) tecimlqne yielded a mode magnitude and distribution for the EQI of 
PJh = -4.4(4) kHL and A P J h  = 4.0(5) k€k respectively. T k  resulting mode electric field 
gradientis V, =-1.11(10) x10i9 V&. 

1. Introduction 

The present investigation continues a program of study into impurity electric quadrupole 
interactions (EQIS) in single-crystal hosts of crystallographically cubic iron and nickel. In 
earlier work (Chaplin er al 1988, Yazidjoglou eta1 1990), mcde values and distributions of 
EQis for '%bFe, '"SbNi and "MnNi single clystals along both easy and h d  crystal 
axes were determined using modulated adiabatic passage on oriented nuclei (MAPON) 
spectroscopy (Callaghan et a1 1988, Back et ul 1988). The "MnFe system has thus 
been selected to allow cross-host and cross-impurity comparisons with the abovementioned 
results. 

MnFe specimens suitable for NMR on oriented nuclei (NMRON) are known to be difficult 
to prepare via diffusion techniques. This is evidenced in the literature by the use of recoil 
implantation (Hagn et a2 1982) and nuclear reaction methods @der et a1 1985) for the 
preparation of "MnFe. To the authors' knowledge, the only W O N  study of the %MnFe 
system was on a thenrally prepared sample (Templetoon and Shirley 1967) which yielded 
less than the full gamma ray anisotropy. Against this background, three diffused " M a e  
single-crystal specimens of varying gamma ray anisotropies have been prepared and their 
hyperfine field distributions investigated. The first transient W O N  measurement$ on this 
system are reported for one of these specimens. 

2. Experimental details 

All three singlecrystal 54MnFe specimens were prepared by difFusing carrier-& "Mn 
activity into a 4 mm diameter region of the (110) surface of 1 mm thick, 6 mm diameter, 
Fe single crystals. Prior to diffusion, the surfaces were mechanically polished down to 
0.05 pm with alumina paste. The di&sion involved annealing under an atmosphere of 
50% hydrogen and 50% argon at 600 "C for 1.5 hours, after which the temperitwe was 
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ramped to 850 "C and held for 15 minutes before cooling to room temperature over a 4.5 
hour period. 

Sample 1 retained 144 pCi of diffused "Mn activity after excess activity had been 
wiped from the surface with ethanol and lightly etched with 0.5 M HNOo. For the diffusion 
conditions stated above, Ficks' laws give a root mean square diffusion depth of .rms = 
2.5 pm, assuming the diffusion constant Do = 0.35 x m2 s-' and activation energy Q 
= 219.8 kJ mol-' (Nohara and H m o  1970). The corresponding average 54Mu Concentration 
(given the specific activity, 245.84 mCi per mg of Mn as quoted by the supplier) is therefore 
0.24 at%. 

Sample 2 was prepared from sample 1 by using 0.2 M HN03 (without unsoldering the 
sample from the cold finger) to etch away further activity. This left -30 pCi of activity 
corresponding to an average "Mn concentration of 0.05 at.%. 

Sample 3 was prepared by diffusing 54Mn activity into a second Fe single crystal. The 
-10 pCi of activity remaining after a light etch with 0.1 M HNO3 corresponded to an 
average 54Ma concentration of 0.02 at.%. 

The samples were mounted on the copper cold finger of a dilution refrigerator with the 
external applied field BWr and the y-detection directed along the surface (100) direction 
as previously identified by Laue back diffraction. A pair of 12 mm diameter loops of 
copper wire generated the radio frequency (RF) field perpendicular to the applied field and 
parallel to the sample surface. Base working temperatures of -8 mK were achieved for 
all =ON measurements. The "Mn decay scheme has a single gamma ray transition 
at 835 keV. This peak was monitored with pulse height analysis during the continuous 
wave (cW) experiments, while for the pulsed frequency-modulated (FM), single-passage and 
MAPON experiments this line's integrated count rate was monitored using single channel 
analysers. All the RF power levels speciEed for cw experiments are source powers in dB, 
while, for the transient techniques, envelope peak to peak voltages (V,) were measured 
into an external 50 S2 load. 

3. Results 

The gamma-detected 'magnetization' curves for samples 1 and 3 are shown in figure 1. 
Since specimen 2 was obtained by in situ etching of activity from sample 1, it was assumed 
that the form of the 'magnetization' curve for sample 2 will be identical to that for sample 1. 
Although sample 1 provided the greatest count rate, it realized approximately 40% of the 
expected gamma ray anisotropy (1 - W(0")). By comparison, the lower activity samples 2 
and 3 realized approximately 70% of the expected anisotropy. A slight misalignment of 
the (100) easy direction, with respect to the applied field direction, is responsible for the 
less than full magnetic saturation at zero field for specimen 3. Selected pulsed Rid and 
cw resonances are shown in figwe 2(a) (BW = 1.64 T )  and f i g u ~  2(b) (BW = 0.0 T) 
respectively. Each of the resonances was constructed from multiple passes wherein the 
fresuency was stepped through the line with a sequence of m-on counting time, followed 
by a wait period, then an FM-off caunting time. Table 1 summarizes the centre frequencies 
and resonance linewidths, r". for all cw and pulsed FM experiments. The experimental 
errors quoted reflect only those uncertainties resulting from the resonance line fits. Figure 3 
enables a visual comparison of the field-shifted centre frequencies for the three samples. 

Singlefrequency sweeps through the resonance (single passages) were performed on 
sample 1 both to determine the sign of the EQI and to select appropriate RP levels and sweep 
conditions for subsequent MAPON measurements. Two sets of single-passage measurements 
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Figure 1. Gammadetected "agneIizalion' cwes Figure 2. Selected " W e  nsooances for Bw \I 
of s4MnFe (BqP 11 (100)) determined via radiative (100). (a) pulsed FM resonance for sample 2 at Bqp 
detection of the 835 keV gamma line for samples 1 = 1.64 T with an FM amplitude o f f  400 W 4 0 0  Hz 
and 3. triangularmodulation andalOmswpulseofamptitude 

VRF = 81 V,. (b) cw NMRON resonance for sample 1 
at Bw = 0.0 T With an FM mpIiNde of * 17.5 kHz, 
triangular modulation fiquency of 2M) Hz and VW = 
0 dB,. 

Table 1. Summary of lineshape patameters for CW and pulsed fhl NMRON resonkcz spectra 

Sample 

- 
1 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 

- 
0.00 
0.34 
0.49 
0.63 

0.92 
164 
0.00 
0.30 
0.44 
0.59 

o.n 

Mode 

cw 
cw 
cw 
cw 
cw 
cw 
pulxd 
cw 
cw 
CW 
cw 

189.67(2) 
189.37(4) 
188.02(6) 
186.73(8) 
185.59(12) 
184.37(8) 
178.37(4) 
189.76(3) 
189.71(3) 
188.43(9) 
187.15(7) 

rm 
W )  
0.62 
0.74 
0.87 
1.00 
1.39 
1.13 
0.94 
0.62 
0.91 
0.67 
0.78 

Figure 3. Cenfre m n a n c e  fnqueney as a 
function of applied field for each of the lhree 
"MnFe samples investigated. 

(where a sweep up and sweep down constitute a set) recorded are shown in figure 4. 
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The first set (figure 4(a)) was recorded with V, = 4.8 V, and a 500 ms/channel dwell 
time. A corresponding 'off resonance' measurement revealed that approximately 15% of the 
available anisotropy was destroyed via non-resonant heating. The second set (figure 4@)) 
was recorded with a smaller RF level, V, = 4.0 V, and a 200 mdchannel dwell time. Here 
the non-resonant heating was negligible and hence this set represents a pure resonant signal. 
Irrespective of the influence of the off-resonant heating, and despite the relative weakness 
of the sweep asymmew, both sets of results correspond to a nett negative BQI. This is 
deduced on the basis of the slower rise to maximum signal immediately post passage for 
the sweepdown data, producing a more rounded initial response, and the larger (and faster) 
peak destruction of the sweepup data. The slower rise to maximum signal is indicative of 
the RF entering the most populated quadrupolar split sub-levels first, and vice versa for the 
faster-rising signal. Fnrther single-passage experiments were performed on the less active 
sample 3 (not shown). 'Ihe sign of the EQI was again deduced to be negative with a similar 
degree of weak sweep asymmetry to that present in the singlepassage W O N  relaxation 
cuncs of figure 4. 

0.951 (a) V, = 4.8 V,, 

Sweep Down 

0.75 
0 20 40 60 80 100 120 0 7.0 40 80 80 104 I B  

Time (s) Time (s) 

1 (b) V, = 4.0 Vpp 
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iz 

0.80 
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Figure 4. Single-passage NMRON relaxation curves for ' W e  (100) (€ample 1) in 7mu field 
with a 147 ms sweep through 2 MHz centred on 189.7 MHz for (a) Vm = 4.8 V, and a d d  
time of 5CQ mslchanoel and @) cg, = 4.0 V, and a dwell lime of 200 mslchannel. 

The plot of MN signal versus modulation frequency for the (100) direction of 
sample 1 is shown in figure 5(a). The parameters for this experiment were Bnpp = 0 T, 
V, = 5.0Vpp, sweep time = 147 ms (sweep up), and a sweep width of 2 MHz centred 
on 189.7 M H Z .  This data set does not show a cl& signal emition or break point as the 
modulation frequency is increased, and shows considerable scatter on the high-frequency 
side. However, the differential MA" spectrum as presented in figure 5@) indicates a clear 
dif mode value of P / h  = (3eQVzz)/h(41(21-l)'= - 4 . 4 ( 4 ) k H z w i t h a m o f  APJh 
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= 4.0(5) ICHZ. Although MAPON experiments were performed on sample 2, the reduced 
count rate (X 0.2 compared to sample 1) prevented the determination of a mode BQI value. 
MAPON experiments were not attempted on the even less active sample 3. 
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Pigpm 5. mzm results for " W e  (100) (sample 1) in m field with a 147 ms sweep 
up through 2 MHz cenmd on 189.7 MHz and Vm = S.OV,. (a) m e  raw data and (b) the 
mrresponding differential spechum. 

4. Discussion and conclusion 

The present work confirms that it is difficult to prepare full gamma anisotropy NMRON 
specimens of "MuFe by thermal diffusion. Based on a simple model in which only those 
impurity nuclei in good substitutional sites experience a non-zero hyperfine field (namely 
the fUn hypefine field), the fraction of nuclei in good sites is equivalent to the achieved 
fraction of full gamma-ray anisotropy. In the present work, the fractions of impurity nuclei 
in good sites are estimated to be approximately 40%. 70% and 70% for samples 1, 2 and 
3 mpectively. However, as expected for a site selective technique such as NMRON, the 
position and width of the resonances were observed to be independent of the achieved 
percentage' of full gamma-ray anisotropy. 

To the authors' knowledge, the only s4MnFe reported to be suitable for nuclear 
orientation (and therefore assumed to show full gamma-ray anisotropy) was a low-count- 
rate specimen (themnometer) prepared by fast-neutron irradiation of a pure iron foil (Van 
Rijswijk et a2 1988). The earlier cW NMRON results of Templeton and Shirley (1967) and 
the thermally cycled NO investigations of spin-lattice relaxation by Boysen et al (1984) 
were both reported for specimens which exhibited less than 70% of the expected gamma- 
ray anisotropy. In line with the above observations, the zerc-fieid centre frequencies 
of samples 1 and 3 (189.67(2) MHz and 189.76(3) MHz respectively) are in excellent 
agreement with the result of 189.9(3) M H z  reported by Templeton and Shirley (1967). 
Furthermore, although the impurity concentration of sample 1 (0.24 at.%) is approaching 
the point where one might expect concentration broadening or lowhigh-frequency tailing 
(Chaplin et al 1993), the more dilute sample 3 (0.02 at.%) shows a similar resonance. lime 
width in zero field (table 1). This suggests concentration effects (either homogeneous or 
local) are an insignificant contribution to the line broadening in sample 1. 

This is supported M e r  by the MAPON-determined EQI distribution, which provides a 
sensitive probe of the local environment, specifically the presence of neighbouring impurities 
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which would be expected to exert a dramatic influence on the local electric field gradient 
(EFG). The N I  distribution, A P l h  for "MnFe sample 1, is observed to be relatively narrow, 
and indeed remarkably similar to that reported for "MnNi (table 2). The mode EQI value 
of P l h  = -4.4(4) kHz is also remarkably similar in magnitude to the "MnNi mode 
EQI @ut of opposite sign). Assuming a s4Mn quadrupole moment of Q = +0.33(4) b 
(Raghavan 1989), the mode EQI value determined from this work corresponds to an EFG of 
V,, = -1.11(10) x lOI9 V m-2 at the s4Mn site (z aligned with the easy (100) direction). 

Table 2. Compadson of EQI made value. P f h .  and FWHM distribution value, AP/h.  for host 
easy-mgmeWan dkc&ms. 

. .  
W C o  + 4.5(1.0)5 7.5(05) 
*=Sb -20.0(4.01' 50.06.01 - 7.0(0.8Y lO.O(l.0) 

~~ ~~ ~~ 

Chaplin e t d  (1988), Yazidjoglou e t d  (1990)). 
This work. 
Back (1988), Back et al (1988). 

Table 2 summarizes the easy-axk-mode EQI values determined for ssCo, '%o, '"Sb and 
"Mn in iron hosts, and '"Sb and "Mn in nickel hosts. Whereas the quadrupole moments 
of "Mn, s8Co and 6oCo are all positive, neither the sign nor the magnitude of the '%Sb 
quadrupole moment is known. Hence not all EQrs can be reduced to their more fundamental 
EFG values. Despite this, the negative sign of the s4MnFe EQI when compared to the positive 
sign of the s4MnNi and CoFe systems clearly indicates that the dominant source of EFGS 
for the light impurities cannot be due to host magnetostriction. This highlights the need to 
consider the host-impurity combinations as a whole, rather than search for trends withiin 
l i e  hosts or Like impurities. 

A striking feature of table 2 is the broader d ~ b u t i o n  of the '"SbNi EQI, even if 
the nuclear-parameter-free figure of merit, F = IBl/AP (as employed by Hutchisou et al 
1991) is considered. The situation with '"SbNi is further complicated by the directional 
dependence of the EQI (not included in table 2). Whereas the sign of the EQI is the Same 
along the hard and easy axes of "MnNi, '%bFe (Chaplin etal 1988) and the CoFe systems 
(Back 1988, Back etal 1988), it is found to reverse (negative for ( l l l ) ,  positive for (100)) 
for lZ5SbNi (Yazidjoglou ef al 1990). This seemingly anomalous behaviour of the %bNi 
system will be M e r  investigated in the near future. 

New s8CoNi and %oNi EQI data currently being analysed will extend and complement 
the database available for cross comparison as presented in table 2. Future work on =MnFe 
will address the sample prepation problem by attempting an (n, p) nuclear reaction on 
enriched s4Fe or a (d, a) nuclear reaction on "Fe. In addition, BQI determinations will be 
conducted for the applied field directed along the hard (1 1 1) axis of "MnFe, and cw and 
pulsed NMRON resonance line investigations to applied fields of up to 8 T will allow the 
Knight shift to be determined. 
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