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Data are reported here on the Hall coefficient of polycrystalline Li(NH;), from 1.5 to 89 K, the thermoelectric
power from 4.2 to 89 K (and on into the melt), and the transverse magnetoresistance at several temperatures

in the range 1.5 to 77 K.

In the fcc phase (82 < T < 89 K) where there is one Li atom per primitive cell, the Hall coefficient is negative
and approximately equal to the free-¢lectron value, and the thermoelectric power is positive.

In the hexagonal phase (T < 82 K) there are two Li atoms per primitive cell. The Hall coefficient is negative
and shows little change with temperature down to about 10 K where it becomes less negative. The thermoelectric
power is negative down to 26 K where it becomes positive. By fitting the data to a two-band compensated model
(n. = m) it is found that the number densities of charge carriers vary with temperature at T < 47 K. It is thus
concluded that the model is too simple for the low-temperature behavior of Li(NHj;),.

I. Introduction

Lithium tetraammine, Li(NH,),, is one of a class
of metallic compounds formed between ammonia
and alkali or alkaline-earth metals (). Its low-
temperature transport properties (2-9) are much like
those of a compensated metal, such as tungsten. At
low temperatures the crystal structure is hexagonal
and there is a first-order phase transition to fcc at
82 K, only 7 K below the melting point (10-12).

We report here data on the Hall coefficient and
thermoelectric power (TEP) from 4.2 to 89 K. Also
included are new data on the transverse magneto-
resistance (MR) at several temperatures in the range
1.5 to 77 K. Previous measurements of the Hall
coefficient were taken by Jaffe (2) at only two
temperatures, 83 and 58 K. The double-ac technique
used here for measuring the Hall coefficient makes
it possible to take data continuously as the sample
warms from helium temperatures. From the present
data and the resistivity, electron and hole mobilities
and number densities are calculated on a two-band
model.
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II. Experimental

Sample preparation. All samples were contained
in Pyrex cells with electropolished tungsten elec-
trodes. Samples were prepared as stoichiometric
liquids in the following manner: Lithium of at least
99.99 purity was cut, weighed, and placed in a
metal dropper while in the dry helium atmosphere
of a glove box. The metal dropper was placed above
the mixing vessel containing a glass-enclosed magnet
stirrer. The whole assembly was evacuated, the
metal dropper closed off, and the mixing vessel and
sample cell were rinsed with dried ammonia. After
removal of the liquid ammonia, the metal was
dropped into the mixing vessel, ammonia added,
and the solution was then mixed and poured into
the sample cell. The solution was finally frozen in
liquid N, and sealed off under vacuum.

The details of the sample cell design are shown
in Fig. 1. Figure 1(a) shows the current electrodes
A and B, the Hall voltage electrodes C and D, and
the conductivity electrodes D and E. Note that the
length to width ratio is in excess of 4:1 (13). The
thermopower cell of Fig. 1(b) has four electrodes:
H and I for the potential difference measurement
and F and G for improving thermal contact between
the sample, bath, and thermometer (G).
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F1G. 1. (a) The Hall cell is made of Pyrex plates of dimen-
sions: /=50 mm, w = 9 mm, and t = 0.635 mm. The current
electrodes, A and B, are 25 mil tungsten ; the Hall electrodes,
C and D, and the conductivity electrode, E, are 15 mil tung-
sten. Silver solder beads are on all electrodes so that Pb solder
can be used to connect wiring to the electrodes. (b) The
thermoelectric power cell is made of Pyrex tubing having
dimensions K =8 mm, and L =20 cm. The tungsten elec-
trodes, F and G, are 150 mil and electrodes H and I are 25
mil.

On the basis of previous observations (2-6), all
samples were either solidified slowly in a tempera-
ture gradient from the bottom up, or zone refined
to insure a continuous, void-free sample. The
transverse magnetoresistance at 15 kG and 4.2 K
was recorded for several samples as a function of
rotation angle about the axis of the sample. There
was less than 59 anisotropy. It was thus concluded
that the samples were polycrystalline. There are
several reasons for the polycrystallinity: (1) The
crystal structure change at 82 K is first-order and
accompanied by a volume change of about 29;. (2)
There is adhesion between the sample and Pyrex
container and most likely a difference in expansion
rates. (3) An anomaly in the resistivity exists at
about 65 K (4-5) which may be due to (1) and (2),
or it may be a Martensitic transition (X-ray data
(11, 12) exist only above 77 K).

Measurements. The double-ac method of measur-
ing the Hall coefficient was developed by Russell
and Whalig (14) and described in detail by Nasby
(15). The temperature was varied from the freezing
point of the solution at 89 to 50 K by pumping on
liquid nitrogen. At lower temperatures the data
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were taken as the sample warmed from 4.2 K at a
rate of about 1 K/min, depending on the current
and magnetic field being used. The temperature was
measured in the liquid nitrogen range with a copper—
constantan thermocouple and with a calibrated
carbon resistor in the low-temperature range.

The ac magnet gave a maximum zero-to-peak
field of 3 kG in the center of the 2-in. gap of the
6-in. square laminated poles. For measuring the
ac—dc Hall Effect and magnetoresistance the same
magnet was operated on dc to give a maximum field
of 3 kG measured with a rotating coil gaussmeter.
The ac—dc Hall method involved the use of a bucking
circuit to suppress the misalignment voltage from
the Hall electrodes, C and D in Fig. 1(a). The
transverse signal was measured with a lock-in
amplifier for the forward and reverse directions
of the magnetic field. The two deflections thus
obtained were subtracted to yield twice the Hall
voltage. By averaging the two signals, one can
obtain the “transverse-even” voltage which generally
has the same behavior as the transverse magneto-
resistance in polycrystalline samples. The magneto-
resistance was measured from electrodes D and E
in Fig. 1(a) using a standard 4-probe technique.

The thermoelectric power was measured against
Pb using the integral method (/6). The lower
electrodes, F and H in Fig. 1(b), were immersed in
liquid nitrogen or liquid helium while the top end
of the sample was warmed with a bifilar heater
above electrodes G and I. The temperature at
electrode G was measured with the thermocouple
and resistor in good contact with G. The Seebeck
voltage versus temperature was plotted on large
graph paper and the slope determined graphically.

III. Data

Resistivity. Jaffe (2) observed a nonreproducible
resistivity below 83 K which he attributed to “cracks
and fissures” in the sample material. Similar effects
were also observed in this work in the temperature
range 60-70 K even though great care was taken to
anneal the material above and below the structure
change at 82 K (/7). Sample cells with different
surface-to-volume ratios were used so that sample-
container effects could be investigated. The resistivity
increase below 20 K was independent of the con-
tainer. The sluggishness of the resistivity changes
with respect to temperature and the absence of a
latent heat (10) suggests that the behavior of the
resistance is due to a Martensitic transition. Perhaps
the transition involves the symmetry of the stacking
of the Li-NH; tetrahedra (I2). The Martensitic
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Fig. 2. The electrical resistivity in the region of the
resistivity jump shown in the inset of Fig. 3. These data were
taken with a four-probe method. The solid circles show data
taken as the sample cooled; the open circles were taken as
the sample warmed.

transition in pure Li at about 78 K (18) from bcc
to hcp is probably not related (7). Figure 2 shows
the resistivity in the temperature range concerned.
The large increase in resistivity below 55 K is
anomalous; it indicates that the effect(s) taking
place at 60-70 K probably cause strains.

Since the four-probe resistivity data collected in
this study show erratic behavior below 70 K, we
present here, and subsequently use, resistivity data
of McDonald (5) and Cate (6). Their electrodeless
technique was not extremely sensitive to the con-
tinuity of the sample; however, voids or very small
crystallites would have the effect of increasing the
apparent resistivity. Figure 3 shows the electrodeless
resistivity data over the temperature range 1.5-200
K. The vertical dashed line indicates the freezing
point of the solution at 89 K. There is a slight
change visible at the phase change at 82 K, but on
this scale the change at 67 K doesn’t appear. Also
to be noted is the fact that the electrodeless data
show no large increase below 67 K as is seen in the
four-probe data. As Morgan (79) has pointed out,
the temperature variation fits a Bloch—Gruneisen
equation over the temperature range 15-80 K with
a Debye temperature of 55 K. The low-temperature
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F1G. 3. The resistivity versus temperature of Li(NH;),
measured with an electrodeless method. The data of
McDonald and Thompson (5) are shown as squares and the
circles are the data of Cate and Thompson (6). The vertical
dashed line shows the melting point and there is a jump in
the resistivity at the solid-solid phase transition at 82.2 K.
The inset shows a resistivity jump at 67 K also.

behavior can be fitted by an equation of the form
(6) p= AT? + BT?. The T component is the normal
low-temperature electron—-phonon interaction, and
the T2 dependence is similar to that observed in
polycrystalline 2°Bi, In, and 2!Al and attributed to
electron—¢lectron interactions (6) among other
possibilities.

Magnetoresistance (MR). The MR of poly-
crystalline Li(NH;), is shown in Fig. 4. The data
may be fit to a straight line of slope 1.4; this indicates
that the MR obeys a power law of the form

[p(B) — p(0)1/p(0) = 4p[p = |B|™,

m=1.4, B> 1KkG; 1

!m=1, B<1kG.}' M
The linear behavior for fields below 1 kG, indicated
in Eq. (1), is shown in Fig. 5 at 4.2 K. The change
in power law near 1 kG was also seen in electrodeless
MR studies by Cate (6). The exponent above 1 kG
has been observed (5, 6) to lie in the range
1.3<m <20, with the preponderance of our
results near 1.4, The data is presented as a logarith-
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F1G. 4. The MR versus magnetic field for several samples
at different temperatures; zero-field resistivities are indicated
below. @ Sample I1, p(0) =9 2 cm at 4.2 K; — Jaffe (2),
p(0) =400 2 cm at 21 K; ¢ Sample IX, p(0) = 10.8 2 cm
at 42 K; A Sample IX, p(0) =13.3 puf2 cm at T=47.5 K;
O Sample IX, p(0)=10.9 uf2 cm at 62 K; O Sample 1X,
p(0) = 11 .2 cm at 77.5 K. Note that (@) Sample II and (o)
Sample IX refer to the right-hand scale.

mic plot to show the field dependence of the MR;
the magnitude is not reliable because of the 4-probe
resistivity problems mentioned above.

Hall Effect. The Hall data are presented in terms
of the reduced Hall coefficient, Ry/Rpg, where Ry
is the experimental value and Rgy is the free electron
value calculated from the mass density at 77 K with
the assumption of one free electron contributed by
each Li atom, Rgp = 1/nec =—1.37 x 1073 cm?/C.

In measuring the Hall voltage, one observes a
zero field signal on the transverse electrodes due to
misalignment of the electrodes. The transverse
voltage can be expressed in terms of the misalign-
ment 8/, the cross-sectional area of the cell A, and
the resistivity of the sample, p. This expression is

Vy= Vg +i(w)r=Vy+i(w)pdl/4, )]

where the Hall voltage is related to the Hall coeffi-
cient by ¥y = Ryi(w;) B(w,)/7 and the thickness of
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Fic. 5. The MR in low magnetic fields which shows the
linear dependence on field below 1 kG. The data are all
presented for Sample IX, | designates a sample oriented
with the plane of the Hall cell perpendicular to the field, and
|| is paraliel to the field. A, p(0) =10 p2 cm at 1.46 K, 1 ;
A, p(0)=10 pQ2 cm at 1.46 K, ||; @, 10.8 2 cm = p(0) at
4.2 K, 1. The slopes of the straight lines are indicated by
the values of m.

the Hall cell is 7. The current and magnetic field
frequencies are indicated by w; and w,, respectively.
The second term on the right-hand side of Eq. (2)
is the misalignment voltage, V, = i(w,) pbl/A, which
can be suppressed with a bucking voltage of
frequency w,. This technique is adequate until the
resistivity shows appreciable dependence on mag-
netic field. Then the second term depends on both
the current frequency and the magnetic-field
frequency just as the Hall voltage. Because of this
behavior, the double-ac Hall technique yields
erroneous results for the Hall voltage.

One may extract the ““true” Hall voltage from the
double-ac data as follows. The MR is responsible
for the spurious signal at the same frequency as the
Hall signal and, since the MR shows two different
power law dependences, the problem must be
considered for each region. These are written

dplp=C,|B(wy)|, B<1kG;

dplp = C3|B(w)|'4, B> 1kG; ®
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where |B(w,)| indicates that the MR depends only
on the modulus of the time-dependent magnetic
field.

1. B<1 kG. If we write the expression for the
signal appearing on the Hall electrodes in this range
of magnetic field, we find from Eq. (2)

Vy = Vi + i(w)p(0)81/4
+i(w,) p(0) C,|B(w,)| 8I/4.  (42)

The second term on the right is ¥, and can be sup-
pressed as before. The last term has large contribu-
tions at the frequencies of the Hall signal, w, + w,,
as well as higher harmonics. One can obtain the
true Hall voltage below 1 kG by experimentally
determining the quantities in the last term of Eq.
(4a) and expanding |B(w,)| =By|cosw,t| in a
Fourier series to find the amount of contribution at
the frequency w,. Because the data above 1 kG
showed less relative error, the actual procedure was
to obtain the true Hall voltage from the data above
1 kG using a procedure we next describe.
2. B>1 kG. The expression for the transverse
signal Vy is
Vy=Vy+i(w;)p(0)él/4
i) p(0) o[ Blwp)|'#81/A.  (4b)

The second term on the right is again V. In the last
term there is a factor |B(w,)|!* = B}*|cosw, ¢ |4
and current can be written i(w;) = Iycosw, t. Sub-
stituting into Eq. (4b), we find

Vy=Vy+ Vy,+ [p(0) 8l Bg*
X coSw, t|cosw, t|/A] [cosw, 1|04, (5)
or
Vy=Vy+ V,+ Glcosw, t]°4, 6)

where G = [p(0)8llyBj“*cosw, t|cosw,t|/4A] con-
tains terms of frequency w; -+ w,, the same as the
Hall signal. The fractional-power cosine term in the
last term of Eq. (6) can be expanded in a Fourier
series. The constant term a, in such an expansion
then gives a term on the right-hand side of Eq. (6),
a, G, which has a frequency dependence the same
as the Hall voltage, as well as higher harmonics.
The difference between the field dependence of the
Hall voltage and the g, G term gives a clue to
obtaining the true Hall voltage. Let us write from
Eq. (6) the terms having the frequency dependence
of the Hall signal

Vyt|ly Bo= (Vy /Iy By) + (ao Gr[Iy By). (7)
This can be written as
Ry|ers = Ry + ao[p(0) 8IBY4 cos w t|cos w, t| /4] 7.
1t
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If Ry has no magnetic-field dependence, then the
true Hall coefficient may be extracted by extrapolat-
ing the measured Ry|c. = Vy7/ly By to B = 0. These
results have been compared in Fig. 6 with the results
of an ac—dc measurement of the Hall constant. The
B%4-dependence expected from Eq. (8) is confirmed;
however, the Ry obtained by extrapolation is less
than one half the value obtained from the ac-dc
experiment. The source of this discrepancy probably
lies in the ac—dc method—the misalignment signal
due to MR can have components of the same
frequency and phase as the Hall signal. Similar
comparisons at higher temperatures, where MR
effects were negligible, produced agreement within
5%, and Vy linear in B.

Figure 7 contains Hall constants determined from
ac-ac measurements near 1 kG. These data con-
stitute an upper limit for the “true” Hall coefficient,
because of the MR effects discussed above. In an
attempt to estimate the effect of the MR at tem-
peratures above 4 K, we have assumed Koehler’s
rule and computed corrections following Eq. (8); the
corrected data are shown as open circles. The MR
influence is significant only below 15 K. Uncer-
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FiG. 6. The erroneous Hall coefficient as a function of the
magnetic field is shown. All data are for Sample IX; the
method of measuring the Hall coefficient is indicated in
parentheses: @ p(0) = 10.6 uf2 cm at 4.2 K (ac-ac); and O
p(0) =16.9 12 cm at 4.2 K (ac-dc). The random errors are
near 20%;.
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FiG. 7. The ac-ac Hall coefficient data versus temperature are shown as well as the values of the Hall coefficients extrapolated
to B = 0. The straight line above 89 K indicates the temperature-independent Hall coefficient measured by Kyser (23) ona
liquid sample. (a) ® Sample IX at B = 1 kG, and O extrapolated to B = 0. (b) @ Sample VIII at B=1.5kG, A at B=1.0kG,
and O data extrapolated to B = 0. (c) @ Sample VII at B = 1.3 kG, O represents data taken as sample cooled from 77.5 K,
and O shows data extrapolated to B = 0. The vertical dashed lines show the melting point at 89 K and the solid-solid phase

transition at 82 K.

tainties over the validity of Kohler’s rule (5, 6) and
discrepancies such as shown in Fig. 6 severely limit
the accuracy of the corrections. We may nevertheless
conclude that the Hall coefficient declines markedly
as T is reduced below 15 K. The errors in the data
in Fig. 7 are estimated to be +10%; above 15 K and
up to 1009/ below. Note the large change in the
Hall coefficient when the structure changes at 82 K.
The data of Kyser (23) in the liquid has been
adjusted to the density of the liquid. The data for
different samples showed deviations of up to 509,
below 7 K. This deviation is thought to be a result
of strains induced in the sample as it was cooled
quickly from 50 K by transferring liquid helium into
the Dewar. A strain-dependent Hall coefficient has

been seen by Krautz (24) in tungsten, and, in fact,
a change in sign in the Hall coefficient at low tem-
peratures appears in cold-worked tungsten.

Thermoelectric power. The absolute thermo-
electric power of Li(NH,), is presented in Fig. 8.
The data extend into the liquid region; we note for
reference that the TEP of sodium—ammonia solu-
tions (25) is also positive in the more concentrated
solutions. There are no Li-NH, solution data. The
other features to note are the discontinuous change
in the TEP at the freezing point, the change at the
phase transition at 82 K, and the gradual change in
sign near 25 K.

We note that although the four-probe resistivity
(Fig. 2) becomes erratic below 70 K due to sample
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FiGc. 8. (a) The thermoelectric power of a slow-frozen
sample of Li(NHj;)4. (b) The thermoelectric power of a zone-
refined sample. Both samples were measured against Pb.
Note change in ordinate.

discontinuities, these discontinuities should have
little effect on the Hall and Seebeck voltages. Volger
(26), Putley (27), and Herring (28) argue that for a
model of a polycrystalline material in which there
are crystallites separated by small regions of high
resistivity, the measured resistivity will be con-
siderably higher than the resistivity of the crystallites.
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The Hall voltage, however, will simply be an
average over the orientations of the crystallites if the
volume of crystallites is much greater than the
material between them. The arguments would
equally well apply to the Seebeck voltage. We thus
believe that the data presented here on the Hall and
thermoelectric effects are not sensitive to the sample
effects that plagued the resistivity measurements.

IV. Discussion

The transport properties of metals are determined
by the number and type of carriers available and by
their interaction with the lattice. The gross properties
of the electron—ion interaction can be determined
from the crystal structure and whether the Fermi
sphere overlaps a Brillouin zone boundary (29). In
Li(NH;), there are two known crystal structures—
fcc at high temperatures and hexagonal at low
temperatures. In the absence of X-ray data we will
assume the hexagonal structure to persist below
77 K. The properties of the metal are completely
different for the two structures; so we shall discuss
the available data for the two crystal structures
separately.

Face-centred cubic phase, 82 < T <89 K. This
phase contains one Li atom per primitive cell, and
Li contributes one electron per atom to the con-
duction band. Unless the Fermi surface is highly
distorted, no contact with the zone boundary is
expected. This leads one to anticipate the transport
properties to be in reasonable accord with the free-
electron model (FEM). The Hall coefficient is in
good agreement with the FEM (Fig. 7). The thermo-
power, however, has a positive sign as opposed to
the negative sign predicted for both the diffusion
and the “phonon-drag” contributions to the thermo-
power (30-33). In view of the fact that many of the
alkali and noble metals have negative Hall coeffi-
cients and positive thermopowers (34, 35), the
behavior seen here is not surprising,

Hexagonal phase, T'< 82 K. In this phase there
are two Li atoms per primitive cell, and most
probably contact between the Fermi sphere and the
zone boundary. A large, nonsaturating MR as seen
in Li(NH,), (5, 6) (Fig. 4) can be caused by two-
band conduction with complete compensation, by
the presence of open orbits (36, 37), or by a com-
bination of the two effects. The field dependence of
the MR in the two-band compensated model is
proportional to B2, while for open orbits one expects
polycrystalline samples to give a near linear de-
pendence on field (38). In polycrystalline samples the
MR data is not easily deciphered.
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The Hall coefficient for two models behaves
differently as a function of magnetic field. In a
two-band compensated material the Hall coefficient
is expected to be independent of magnetic field. In
the case of a polycrystal with open orbits possible
in certain directions, one would expect to see a field-
dependent Ry due to two uncompensated bands
(I3) added to the field-independent Ry resulting
from open orbits (37). We see no field dependence
in Ry up to 31 G at temperatures above 47 K. The
Hall data at low temperatures is complicated by the
presence of MR effects. In addition, no structural
information exists below 77 K; so any model
calculation must be regarded as conjecture. We
have adopted, for illustration, the simplest model
available.

The qualitative behavior of the Hall coefficient,
high-field magnetoresistance, and conductivity can
be described with a simple two-band model with
complete compensation. The expressions are

dplp=p.ps B, o =n|e|(, + p),
Ry = (nec)™ (o — pn) /(e + p)s )

where e is electron charge and ¢ is speed of light.
From these expressions we can compute the
mobilities, p, and w,, and the number densities,
n, = n, = n, of the electrons and holes. Table I shows
the results of these calculations at several tempera-
tures. The conductivity data is the electrodeless data
shown in Fig. 3. In view of the problems with the
4-probe conductivity, the MR data reported here
show only the field dependence. The electrodeless
MR data of McDonald and Thompson (5) are thus
used in the calculations along with the assumption
of Kohler’s rule. The large MR coefficient dominates
all other terms and is responsible for the closeness
of the p, and p,. The large uncertainties in R, at
low temperatures thus do not affect these calcula-
tions. The number densities are expressed as a
percent of ny, where ng =4.57 x 10! cm™ is the
number of electrons calculated from the density
(11) of Li(NH;), assuming one electron per Li atom.
At 47 K and below, the charge carrier densities
vary with temperature which shows that the model

TABLE 1

T Me M n ning
(K) (em?/Vsec) (cm?/V sec) (cm™3) VA
77 0.90 x 10* 0.88 x 10* 2.0 x 10*° 0.44
62 0.94 x 10* 0.91 x 10* 2.0 x 10° 0.44
47 1.20 x 10* 1.15 x 10* 2.7 x 10"? 0.59
4.2 7.15 x 10* 6.45 x 10° 1.1 x 10%° 24

1.5 12.0 x10° 10.9 x 10% 2.3 x 10*° 4.9
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is inadequate or that a structure charge occurs in
the vicinity of 50 K. These low-charge densities, if
real, require a considerable distortion of the Fermi
surface by energy gaps at the zone face.

The two-band model for the thermoelectric power
shows a linear (32, 33) dependence on temperature
but does not predict a change in sign as is seen in
the data probably because the model breaks down
at lower temperatures. We note a similar behavior
of the thermopower in the alkali metals (39) and
especially in tungsten (40).

Further conclusions about the metallic compound
Li(NH,), await MR data on the single crystal, X-ray
data below 77 K, and Hall data at higher magnetic
fields than reported here.

V. Conclusion

Lithium tetraammine shows simple free-electron
behavior in the fcc structure. The positive thermo-
power is probably due to an energy-dependent
pseudopotential.

In the hexagonal structure the behavior is best
represented by a two-band compensated model. The
compensation is necessary to allow for the large
nonsaturating MR. By using MR, resistivity and
Hall data, the electron and hole densities are found
to be a small fraction of the electron density cal-
culated from the experimental mass density. It is
thus concluded that the Fermi surface is considerably
distorted.
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