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sumed no changes in the magnitude of the inter-
action strengths for the surface spins. - The sur-
face spin wave obtained in Ref. 7 splits off from
the bulk spectrum from below, in contrast to the
surface spin wave in the itinerant-electron model,
which always lies above the bulk-spin-wave spec-
trum (even at ¢, =0).

It is clear that surface spin waves in itinerant-
electron ferromagnets generally involve relative-
ly high frequencies. Their study by microwave
ferromagnetic resonance techniques would only
be possible for small values of the exchange
splitting. We have seen that in strong ferromag-
nets, the long-wavelength surface modes are
highly localized near the surfaces and thus an
ideal probe would be by spin-polarized electron
scattering or energy-loss measurements. Indeed,
in such experiments, the large energies of long-
wavelength itinerant surface spin waves will be
an advantage in removing energy resolution dif-
ficulties., More indirectly, the existence of these
modes may show up by their effect on the rate of
chemical reactions on ferromagnetic metal sur-

faces.®?
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A new theory in which the observed electronic states in N-doped GaAs;., P, derive
from the combination of a long—vange disorder and strain-induced nitrogen-associated
potential and the usual short~range isoelectronic nitrogen potential is compared with
pressure measurements at x ~ 0.30 (and with earlier measurements at x = 0.45). In the
composition region x ~ 0.3 a strong Np-Ny interaction is predicted and is observed by

pressure measurements.

Recent experimental studies of nigrogen-doped
In,.,Ga,P'and GaAs,.,P,2"* lead to a new inter-
pretation of the previously observed® N-trap lu-
minescence transitions in these materials. The
broad luminescence band previously attributed to
NN pairs arises from recombination between
holes and electrons in single nitrogen bound
states (labeled N,) with a strong phonon side-
band.!"® In addition, the transitions identified
in early work as NN, pairs (x =0.37, 0.38) 5% and
the A line (0.40 sx =0.53) " in GaAs,.,P,:N are

actually an additional N-trap bound state (Np)2#
with a smaller binding energy than N,, Hydro-
static-pressure experiments, in which the I" and
X energy gaps change with pressure and allow the
continuous study of these states over a simulated
composition range, demonstrate that the deep Ny
state is derived primarily from the X-conduction-
band minima for x = 0.42 2 and that the shallow
bound state, N, follows the I' minimum for 0.30
<x =0.45 and then bends and follows X for 0.45
<x =0.53. In this latter range, as the present
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work indicates, the N-trap state is due to the
short-range potential commonly attributed to the
N impurity. These experimental observations®™*
in GaAs,. PN are in quantitative agreement with
predictions of a new theory® in which the observed
electronic states derive from the combination of
a long-range disorder and strain-induced nitro-
gen-associated potential, V;, which by ifself in-
duces one state (nr, energy W"r) associated with
T" and one (ny, energy W, ) with X, and the usual®
short-range isoelectronic nitrogen potential, V,
which induces a state (n, energy W,) delocalized
in momentum. These are illustrated schematical-
ly in Fig. 1(a). This theory,® therefore, provides
a totally different picture of the relevant physical
mechanisms from that of previous work.%°

One of the consequences of this theory is that
the eigenstates corresponding to V,+ V, [which are
denoted by Nr’, Nr, and Ny in order of decreas-
ing energy, as displayed in Fig. 1(b)] contain ad-

Energy (eV)
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FIG. 1. (a) Schematic illustration of composition de-
pendence of bound-state energies produced by the long-
range (V;) and short-range (V) nitrogen potentials be-
fore they are combined. The compositions x,- and xry
correspond, respectively, to W, =W,r and W, .=W,,.
We neglect the small I'-X hybridization at x =xr,.

(b) Corresponding diagram for bound states produced
by combining V, and V (i.e., V; =0 and Vg =0). The
splitting near x,r and xy is illustrated. As x—xry,
the energy of Ny is pushed down by nr, which it ap-
proaches. In this region, the energy of Ny approaches
that of ny. These points are discussed in the text.
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mixtures of the n, nr, and ny states. There is
strong splitting of the energies in the regions
where W, ~W, (i.e., x ~x,r) and W, ~W,, (e, x
~Xry), as shown in Fig. 1. In particular, for x
~Xry, the energies of both Nr (Ey;) and Ny (Ey,)
are predicted to vary strongly with pressure, in
contrast to the behavior of states derived from
the X minima alone.? While the pressure behavior
of Nr and Ny has been studied in the composition
region x = 0,38 where they are well separated in
energy and where Ny changes character (x =
0.45),% it is of fundamental interest to examine
their behavior at still lower compositions, where
they approach one another and interact, in order
to provide a further test of the physical picture of
the theory. We describe here the application of
this theory to explain the behavior of the N trap
in the region (x ~0.3) where the Ny -Nj interac-
tion is strong. Pressure data are presented ex-
hibiting the behavior predicted by theory, i.e.,
Nr-Ny interaction and the resulting splitting of
these two states, which are themselves a conse-
quence of the long-range potential, V,.!® From
these results and the general agreement of theory
and experiment,? %% we conclude that the physical
picture presented by the theory is a faithful mod-
el of the processes operative in the GaAs,_ PN
alloy system. Possible origins of V, relating to
strain and disorder are discussed elsewhere.®

We represent V, by the one-band one-site Kost-
er-Slater approximation,! as in previous theor-
etical work,®'>'® and denote its matrix element
between Wannier states by V,; we assume that
the nitrogen is located at the site R;=0. The en-
ergy eigenvalues, E; (i.e., j=Ny, Nr, and Np/),
corresponding to the combined potential V; + V,
(which we assume to couple only to the lowest-
energy conduction band, denoted by index c) are
given by solutions of

Re[G(R,,Ry,E)] = 1/V,. (1
G is the retarded conduction-band Green’s func-

tion corresponding to V; in the Wannier repres-
entation and obeys the following equations:

- - g *ﬁ

G, B E) = 3 Tn Bl (RD
r=Tx E-W, +10

+G{R,,R,,E),

[E(mV /i) + Vi(T) =W, )f,(T) = 0.

(2a)
(2b)
G, E, and 0 denote, respectively, the continuum

portion of G, the conduction-band dispersion rela-
tion, and 0*. Equation (2b) follows from the long-
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range nature of ¥}, and the bound states zr and
ny are localized in momentum about their respec-
tive minima. Deep in the gap, G = A, the value
of G when V;=0. For simplicity, we let G,= A
throughout the bound-state region and neglect the
effect of V; on continuum states; its long-range
nature makes this reasonable.

We are interested in the region where W, = W"r
<« W,. [Note that on the line W,, V,A(W,) =1; also
we ignore the relatively small hybridization of
W, and W, here.] Because V;A<1 here, the
antisymmetric divergent zr and ny bound-state
terms resulting from inserting Eq. (2a) into Eq.
(1) make ENI_<max(VI/;,r,W;1 ) and Ey <min(W, ,
W,). Inparticular for x >xry, as W, ~W, , nr
pushes Ey, increasingly below W, (the quantity

xry denotes the composition where W, =W, = Wry).

As W, decreases, this process continues until,
eventually, Ey, is determined by W, alone. On
the other hand, as W, — Wy from above, ENr ‘

-~ Wrx. As W, decreases further, W"X>ENr> W,
and the influence of nr decreases until Ey; is de-
termined by W"x alone (ENI, is resonant in this
region). The energies Ey. and Ey, are displayed
in Fig. 1(b), where we indicate the regions where
the eigenvalues are determined primarily by one
of the n states by the term n-like.

The preceding discussion reflects the general
consequences of the physical model without re-
course to specific models., It is clear that both
ENF and Ey, should be sensitive to pressure for
X ~Xrx.

The corresponding k =0 momentum amplitudes,
Ay, (i.e., j=T, X), which yield a measure of the
oscillator strengths, are given by

P CNACNIE,
J ENj_"VnI“ ENj—EF

x[-6"0,0,E,)]"2,  (3a)
Cop =2 8 Sar (R (3b)

In Eq. (32), G'(E)=dG(E)/dE, Er=E (k=0), and
Cp is the strong E=9 amplitude of . We have
neglected the small k=0 amplitude of #n, and
chosen f,_ to be real. From our discussion, we
can understand the x dependence of ANx' As x de-
creases, ENx - W"r and the strong C"r amplitude
makes an increasing contribution. The second
term in Eq. (3a) corresponds to the usual band-
structure-enhancement (BSE) ® term whose mag-
nitude at first increases and then levels off as
ENx tends to become parallel to Wnr as shown in
Fig. 1(b). These two terms have the same sign

and reinforce each other so that IANXI increases
as x —xr, from above. In ANr’ on the other hand,
ENr’Wnr increases as x decreases below x ry so
that C,  makes a decreasing contribution. At the
same time E . ~Er and the magnitude of the BSE
term increases. These terms have opposite signs
so that there is a point at which |Ay_|=0 after
which the BSE term is dominant,

For the pressure measurements of this work,
N-doped GaAs, ., P, substrates’ are prepared into
In,.,Ga,P,. As,~GaAs,. P,:N single heterojunc-
tions’ that do not absorb the higher-energy side
of the electroluminescence spectrum, which is
important in the region where near-band-edge
emission is observed. A helium-gas pressure
system™ and a pressure vessel with a sapphire
optical window!” are used for the measurements.
The pressure vessel is submerged in a liquid-
nitrogen bath. Fiber optics are used to collect
the diode luminescence and to direct the light into
a 0.5-m grating monochromator. A Manganin
gauge is used for pressure measurements. The
pressure coefficients of the I' and X energy gaps
of GaAs,., P, are known from previous work®' to
be dEr/dp~107° eV/bar and dE z/dp ~-10"% eV/
bar. The combined pressure variation of the
band gaps simulates a composition change of dx/
dp ~1.1%/kbar.

Figure 2 shows the electroluminescence spec-
tra of x =0.32 GaAs,_,P,:N at 7T7°K. At 0 kbar
and a current density of 80 A/ecm?, curve a shows
the peak of the N transition at ~6765 A and a
high-energy shoulder at ~6700 A corresponding
to near-band-edge emission (I') with some con-
tribution from the shallow Nr state. The 6.3-
kbar spectrum (corresponding to x ~0.39) of
curve b demonstrates the ~58-meV pressure
shift expected of the I'-Np transitions.>¥® The
observed 37-meV shift of the Ny transition is in
divect contrast with the negligible pressure shift
observed previously for Ny at compositions x
20.42, Nrand Ny are well separated in energy,
and the pressure coefficient of Ny is similar to
that of the indirect gap (i.e., dEy/dp~~1 meV/
kbar). The large shift observed for Ny at x = 0,32
in Fig. 2 is expected [cf. Fig. 1(b)] because of
the strong interaction and shift of Np with pres-
sure away from Ny states in this composition
range.

The inset of Fig. 2 shows also the Ny intensity,
at constant current density, as a function of pres-
sure. The observed decrease in intensity, which
reflects a decreasing oscillator strength or k=0
component of the Ny wave function as I"' =N re-
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FIG. 2. Pressure variation of electroluminescence
spectrum for GaAs, ¢gPy 3,:N showing the pressure sen-
sitivity of Ny and Nr, which reflects the strong admix-
ture of the states, in agreement with theoretical predic-
tions. This is in contrast to the pressure insensitivity
of Ny at higher compositions, where the influence of Ny
is negligible. The inset displays the decrease of Ny
intensity with increasing pressure (increasing simulat-
ed composition), reflecting the decreasing admixture
of Nr.

cedes, is a consequence of the interaction be-
tween the Nr and Ny states and the resultant mix-
ing of the wave functions.'® That is, at reduced
pressure (I' =N closer to Ny), the Np-Nj inter-
action is strong and depresses the position (en-
ergy) of the N, state. Also, the increasing prox-
imity of the I" band edge increases the Ny oscill-
ator strength. It is clear from experiment and
theory that in the crystal composition region x
~0.3 the N -Nj interaction causes the long-range
Ny state to be displaced downward.

The results of this study serve to explain the
general behavior of the Nr and Ny states in the
region x ~0.3. The physical picture of a com-
bined short-range-long-range nitrogen potential
independent of specific models for N-doped
GaAs,_ P, is consistent with experimental data
at x ~0.3 and at x 2 0.45.% This picture is in con-
trast to previous work®!%12:1320 employing the idea
of only a single potential.
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